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The equilibrium distribution of charges in beams of light ions (Z = 2 — 18) and krypton ions 
that have passed through He, No», Ar, Kr, and a celluloid film, has been measured for veloc- 
ities v ~ 2.6 x 10®cm/sec and higher. Some new information has been obtained on the de- 
pendence of the mean charge i and the distribution width o on the velocity of the ions, on the 
charge of their nucleus, and on the medium. Significant differences in the values of i in var- 
ious gases have been found for all types of ions. Thus, for ions with Z > 10 the value of i in 
a celluloid film exceeds that in gases by 1.6 to 2.3 times. Appreciable deviations from a 
smooth dependence of i and o on Z have been detected in the region Z ~ 10 — 12. 


1. INTRODUCTION 


An investigation of the equilibrium distribution 
of charges in a beam of light ions with atomic 
numbers Z ranging from 5 to 10, passing through 
hydrogen, air, argon, and a celluloid film, has 
established! a monotonic dependence of the average 
charge i in the gases on Z, and has disclosed that 
i varies with the medium. Since a violation of the 
monotonic dependence of i on Z can be expected 
on going from one period in the periodic system to 
another, we have measured in the present investi- 
gation the equilibrium distribution of charges for a 
much larger number of ions, namely helium, 
lithium, boron, nitrogen, neon, sodium, magne- 
sium, aluminum, phosphorus, argon, and krypton. 
To determine the variation of i with the medium, 
we measured the equilibrium distributions of these 
ions in helium, nitrogen, argon, krypton, and cellu- 
loid film. The results for the ions of helium, 
boron, nitrogen, and neon were obtained in a 
larger velocity interval than in reference 1. The 
measurements for ions with Z > 10 were made at 
a velocity v = 2.6 x 10° cm/sec, and additional 


measurements at v = 4.10 x 10° cm/sec have been 
made for sodium, phosphorus, and argon. 


2. DESCRIPTION OF THE EXPERIMENT 


Two multiply-charged ions were accelerated in 
a 72-cm cyclotron.’ The extracted and focused 
ion beam was confined near the focus by two slits 
1 cm wide, placed 30 cm apart. To obtain ions 
with different charges, a thin celluloid film approx- 
imately 2 ug/cm? thick was placed in the path of 
the beam near the first slit. On passing through 
the films, ions of initial charge i were trans- 
formed into ions with charges i+1, i+ 2, etc 
through electron loss and capture. At low veloc- 
ities, a considerable number of such ions was ob- 
tained by charge exchange between the beam and 
the residual gas in the ion line past the focusing 
magnet. 

Ions of a specified charge were deflected by an 
analyzing magnet into a special charge-exchange 
chamber 40 cm long equipped with input and out- 
put channels of 2 x 5 mm cross section and ap- 
proximately 30 mm long. In the investigation of 
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the equilibrium distributions of the charges in 
gases, a channel 7 x 0.7 mm, 310 mm long, was 
placed in the charge-exchange chamber along the 
ion path, and the gas was fed continuously to the 
center of this channel. The average pressure in 
this channel was 200 — 800 times greater than the 
pressure in the volumes before and after the 
charge-exchange chamber, and could be set at the 
value necessary to establish equilibrium distribu- 
tion. To monitor the equilibrium state, the meas- 
urements were performed at different initial 
charges and at several gas pressures that differed 
by 1.5 or 2 times. The thickness of the layer of 
nitrogen or heavier gas necessary to establish 
equilibrium distribution was on the order of 0.5 

x 10 molecules/cm? at an ion velocity v ~ 3 

x 108 cm/sec, and was one order of magnitude 
higher at v ~ 10° cm/sec. The corresponding 
thickness of the helium layer was ~ 2 x 10'® and 

5 x 10” molecules/cm?, respectively. The impuri- 
ties in the helium, nitrogen, and argon employed 
amounted to less than 0.5%. The krypton contained 
7% of xenon. The fraction of the residual gas in 
the channel, at a pressure corresponding to the 
equilibrium state, did not exceed 0.5%. 

To obtain equilibrium charge distribution for 
ions passing through a celluloid film, the channel 
along the path of the beam was replaced by one or 
two thin celluloid films placed 2 cm ahead of the 
exit channel of the charge-exchange chamber. The 
film thickness, measured with a microphotometer,? 
was ~2—5 ug/cm’. The ion velocity changed 
little on going through such films, and conse- 
quently the charge distribution was hardly different 
after passing through one or two films, once equi- 
librium was reached. 

A second analyzing magnet was used to investi- 
gate the ion charge distribution after passage 
through the charge-exchange chamber. The ions 
were recorded with 8 proportional counters, each 
registering ions of a specified charge. The counter 
system was separated from the high-vacuum part 
of the setup by a slit 0.08 mm wide and a 100 mm 
long, sealed with a celluloid film ~ 20 pg/cm? 
thick. The counters were filled with air to a 
pressure of 40 —100 mm Hg. 

When operating with lithium ions, which are 
always accompanied by nitrogen ions of twice the 
charge, the field intensity of the second analyzing 
magnet was chosen such that the counters that 
received the lithium ions were separated by inter- 
mediate counters which registered the nitrogen 
ions with odd charges. The number of these 
evenly-charged ions, recorded simultaneously 
with the lithium ions, was calculated from the 
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measurement results and from the known distri- 
bution of the charges of the nitrogen ions. Asa 
rule, the nitrogen-ion admixture did not exceed 
1— 5%. 

The accuracy of the values obtained for the 
number of ions of charge i, @j, depended essen- 
tially on the dispersion of the values of $j ob= 
tained in measurements at different pressures 
and initial charges. The absolute error Aj; did 
not exceed in most cases 0.01 V $j. For very 
small 4;, the error was due essentially to random 
pulses, whose level corresponded to ®j ~ (1 to 5) 
Sehr: 

The ion velocity was determined, accurate to 
1.5 or 2%, from the intensity of the focusing- 
magnet field. In the final result, account was 
taken of the change in the particle velocity due to 
the passage through the films and the layers of 
gas. The reduction in the ion velocity did not 
exceed 0.8% in the film ahead of the first analyz- 
ing magnet, amounted to ~ 0.2% in the channel 
(after equilibrium state was reached ), and 
amounted to 0.2 — 1.5% in the films placed in the 
charge-exchange chamber. 


3. MEASUREMENT RESULTS FOR IONS WITH 
Z=10 


The results of the measurements of the equi- 
librium distribution of the charges of light ions 
(Z =10) are listed in Tables I, II, and III and are 
shown in Fig. 1. These data, when used in con- 
junction with the interpolation method described 
earlier, ! yield the equilibrium distribution of the 
charges for any intermediate ion velocity. In the 
case of the helium and lithium ions, in addition to 
the results given in Tables I and II, the equi- 
librium distributions of the charges were obtained 
for approximately the same velocities ina cellu- 
loid film, and yielded for i> 0 values of 4; , ,/4; 
which agreed with the results of references 1 and 
4 for the helium ions, and of references 5 —7 for 
the lithium ions. The results of our measure- 
ments for helium ions at a velocity near 4.1 x 10° 
cm/sec (in helium, nitrogen, and argon), which 
are not listed in Table I, are in complete agree- 
ment with the results of Allison.‘ 

The values of 6,/6, are 1.2—1.5 times 
greater in the compared results than in references 
4and5. The discrepancy is probably due to the 
fact that the values of @) were determined in the 
present investigation less accurately for the light- 
est ions, and are possibly somewhat under- 
estimated. 


The equilibrium distributions obtained in the 
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TABLE I. Equilibrium Distribution of the Charges of Helium Ions 
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TABLE I. Equilibrium Distribution of the Charges of 
Lithium Ions 
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TABLE II. Equilibrium Distribution of the Charges of Boron Ions 
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present work for the charges of the ions of boron, We know that most investigations of the equi- 
nitrogen, and neon yield, wherever they can be librium distribution of the charges of ions with 
compared with the earlier results,’ average Z > 2 have been devoted to the passage of nitrogen 
charge values which are as a rule two or three ions through solid substances. The measurements 
percent lower. Such a systematic difference is made in the present investigation on nitrogen ions 
within the limits of possible errors of the calibra- ina celluloid film are in good Seon with the 
tion of the focusing magnet (approximately 1.5 — results of Stephens and Walker” and with the meas- 
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FIG. 1. Equlibrium distribution of the 


: charges of ions of nitrogen (a) and neon (b) 


in helium, nitrogen, argon, krypton, and cel- 
loid film (T). The velocities (in multiples 
of 10° cm/sec) for nitrogen ions are 2.60 (a), 
4.11 (b), 5.69 (c), 7.02 (d), 7.91 (e), 9.15 (f), 
11.64 (g), and 3.04 (h); the values for the 
neon ions are 2.65 (a), 4.04 (b), 5.52 (c), 


e 6.33 (d). The symbol plus at each distribu- 


tion has i as its abscissa and the quantity 
(2707)—” as its ordinate. 
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nickel,’ but the cited results display systematic 
deviations from those of other investigations, '°>!! 
which give values of i that are some ten percent 
higher. It is hardly possible to attribute sucha 
discrepancy to a difference in the geometrical 
conditions, since our control measurements, ! in 
which the geometric condition were varied, showed 
no noticeable changes in the equilibrium distribu- 
tions. An estimate of the possible errors of the 
present experiment, and the good agreement be- 
tween results obtained for other ions and pre- 
viously known data, particularly with the results 
of all the investigations with helium ions, give 
grounds for assuming our results to be more cor- 
rect for nitrogen ions in celluloid. 

The experimental data obtained showed that the 
distribution of all the charges in all media is close 
to Gaussian 


OD; ~ (1/6 V 2m) exp [— (i — i)? / 20%, 
and can be characterized essentially by two 
parameters: the average charge i = 2 4ji and the 
i 


distribution width o = [24j(i —i)?]!/. Excep- 
1 


tions are the cases when the distribution is highly 
asymmetrical relative to the average charge, 
owing to the fact that i is close either to zero or 
to Z. In this case o no longer determines the 
width of the Gaussian distribution, but yields, as 
always, the difference between the mean-squared 
charge i” = }4ji’, which is used in the calculation 
of the average energy losses, and the quantity i?. 

At a given ion velocity, the values of go in differ- 
ent gases differ as a rule by not more than ten 
percent. When v < (5 to7) x 10° cm/sec, the 
value of o in celluloid is 10 —20% greater than in 
gases. When v is increased, o first increases but 
starts decreasing when v > (5 to 7) x 108 cm/sec. 
The maximum values of o are 0.55, ORG OR ORG: 
and 0.9 for the ions of helium, lithium, boron, 
nitrogen, and neon respectively, i.e., they increase 
monotonically with increasing Z. 

Unlike Hubbard and Lauer,'* we observed in the 
present work considerable differences in the values 
of the mean ion charge in different gases (see 
Fig. 2). Although the ratio of the values of i in 
different media does not remain constant with 
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wi i FIG. 2. Degree of ionization i/Z of 

l | ag, the following ions: A—Li, V—B, oO—N, 
a vy +—Ni, @—P, and x—Ar in different 

: x) b gases (with atomic number Z,,) and in a 
a iif celluloid film (T) at velocities v = 3x 10° 


(a), 6 x 10° (b), and 11 x 10° cm/sec (c). 


Le” go The values of i/Z in hydrogen are taken 
a4 Ye ~* g 
me, from reference 1. For comparison, we 


al give the values of i/Z for the light group 
eo AI of uranium fission fragments (*) at 
/ v = 14x 10° cm/sec (reference 13). 


changing velocity, the following regularities, 
which are common to all ions, can be noted. In 
the case of ions passing through a gas, the maxi- 
mum of i is observed in nitrogen or argon, and 
the values of i in these gases do not differ by 
more than 5%. The average charge in helium is 
always smaller than the average charge in nitro- 
gen, and the average charge in krypton is smaller 
than in argon. In the velocity range (3.5 to 10) 

x 108 cm/sec the minimum of i occurs in helium, 
and at v ~ 3 x 108 cm/sec and v ~ (11 to 12) 

x 108 cm/sec it occurs in krypton. In most cases 
the difference between the maximum and minimum 
values of i in gases amounts to 20%. From a 
comparison of the results of our previous work! 

it follows that the average charge is greater in 
hydrogen than in helium. The average charge in 

a celluloid film is greater than the average charge 
in a gas for all ions except helium. 

The dependence of i on the medium, obtained 
for multiply-charged ions of light elements, _ 
agrees qualitatively with the dependence of i on 
the medium for uranium fission fragments, but 
the relative difference between the maximum and 
the minimum values of i is approximately twice as 
large in gases, while the relative difference be- 
tween the maximum value of i in gases and the 
value of i in solids is much less than for frag- 
ments, diminishing rapidly with increasing charge 
of the nucleus. 

That i is larger in solids than in gases in the 
case of multiply-charged ions of light elements has 
been established and briefly discussed earlier.* 
The smaller value of i in helium, compared with 
hydrogen, and the increase of i with increasing 
atomic number of the gas Zm, can be qualitatively 
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attributed, like the analogous dependence of i on 
Zym for fragments, “*!> to the different behavior of 
the electron loss and capture cross sections with 
varying Zm. However, the dependence of i on Zm 
in heavy gases contradicts the existing theoretical 
estimates.'4"'6 According to these estimates, in 
which the statistical model of the atom is used, 
the average charge of the ions should increase or 
remain constant with increasing Z,,. Actually, 
however, when Zy increases from 18 to 36, a 
substantial decrease in the average charge is 
observed, amounting to as much as 20% for ions 
of light elements at v ~ 4 x 10° cm/sec. It should 
be noted that as the ion velocity is decreased, the 
relative value of this reduction becomes greater. 
At v ~ 108 cm/sec, for example, the average 
charge of nitrogen, neon, or argon ions in argon 
is half the charge in nitrogen or neon.!’ Thus, for 
multiply-charged ions of light elements the de- 
pendence of i on Zm is determined essentially 
by factors which have been disregarded in the 
theoretical investigations that employ the statis- 
tical model of the atom, and consequently the 
accuracy of such calculations can hardly pretend 
to be more several times 10%. 

As indicated earlier,! the degree of ionization 
i/Z of different ions in hydrogen, air, and argon 
can be represented approximately in the range 
i/Z ~ 0.2 to 0.6 by a function of the parameter 
vZ~, which is different for each gas. Examina- 
tion of the experimental data of the present work 
has shown that this conclusion holds also for ions 
passing through helium and krypton. In all the 
gases employed, a = 0.45, which agrees, within 
the limits of errors, with the previous value @ 
~ 0.4.1 This conclusion, which is apparently cor- 
rect for any gas medium, can be explained by a 
simple application of the statistical model of the 
atom.! It is impossible, however, to represent 
in this form the average charge of different ions 
in celluloid film, even approximately, since the 
exponent a@ is in this case a function of both Z 
and v. 


4. RESULTS OF MEASUREMENTS FOR IONS 
WITH Z> 10 


The results of the measurements of the equi- 
librium distribution of the charges of ions with Z 
> 10 are shown in Figs. 3 and 4. Experimental 
data by other workers are available only for ions 
of sodium! and argon" at low energies, and can 
therefore not be compared directly with our re- 
sults. A reasonable interpolation of these data is 
possible, however. 

The dependence of the average ion charge on 
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FIG. 3. Dependence of the relative 
amount ®; of ions of charge i on the 
charge of the ion nucleus, Z, in helium, 
nitrogen, argon, krypton, and celluloid 
film (T) at v = 2.6 x 10° cm/sec. The 
errors in the values of ®; are indicated 
near the ordinate axis, while the values 
of i are marked on each curve. 


FIG. 4. Equilibrium distribution of 


charges in a beam of ions of sodium (a), 
phosphorus (b), and argon (c): A—in 
helium, +—in nitrogen, x—in argon, 
®—in krypton, and 0 —in celluloid film. 
v = 4.5 x 10° cm/sec for sodium ions 
and 4.05 x 10° cm/sec for phosphorus 
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and argon. 


OP BEECHER CECT SE? OLUIB IT GEO Y Gh 


the medium is approximately the same as for ions 
with Z = 10 at these velocities. The maximum of 
i for ions passing through gas occurred in nitro- 
gen, but for magnesium and aluminum ions it 
occurred in helium. The minimum occurred in 
krypton, the difference between maximum and 
minimum being 15 —20%. At Z 2 10, the differ- 
ence between the average charge in celluloid and 
in gas begins to increase noticeably. Whereas 
this difference does not exceed 15% for the lighter 
ions at these velocities, it reaches approximately 
50% for neon, approximately 60% for sodium, 
magnesium, aluminum, and argon, approximately 
80% for phosphorus, and approximately 130% for 
krypton. It must be noted that at high velocities, 
as demonstrated by measurements with uranium 
fission fragments, !® the excess of the average 
charge in solids over the average charge in gas is 
much less, and amounts to 40% for the light group 
of fragments (Z ® 38 at v © 14 x 10° cm/sec). 
The average charge i increases in all sub- 
stances with increasing Z for a fixed ion velocity. 
The degree of ionization i/Z (see Fig. 5) dimin- 
ishes monotonically in gases. However, the rate 
of decrease of i/Z with increasing Z slows down 


near Z=10. Ina solid we observe an increase in 
i/Z in this region. In this connection, if i/Z is 
represented in a given gas as a function of vZ~%, 
then a will no longer be constant. We have a 

~ 0 for Z ~ 10 to 12 and a ~ 0.6 for Z ~ 13 to 
18. 

An even greater deviation from a smooth de- 
pence on Z is observed in the values of %j. If 
we plot %j vs. Z (see Fig. 3), all values of 4%) 
and ®, have clearly pronounced minima in all 
media near Z=12. As the charge increases, the 
singularities in the indicated region of Z become 
less pronounced. The minima of 4) and 4, near 
Z = 12, and the slowing down of the increase in 4, 
and #, in gases with increasing Z, observed near 
Z = 12, denote a reduction in the width o of the 
equilibrium distribution in this region of Z. As 
can be seen from Fig. 6, o has a minimum for 
magnesium ions. For Z > 10, the distribution 
width in celluloid film begins to increase over 
that in gases. For argon and krypton ions this 
difference reaches 40 and 50%, respectively. 

Thus, an investigation of the equilibrium dis- 
tribution of the charges of light ions has shown 
that in the vicinity Z ~ 10 to 12, where a new 
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FIG. 5. Dependence of the degree of ionization i/Z on 
the charge Z of the ion nucleus: +—in N,, @—in krypton, 
O—in celluloid film at v = 2.6 x 10° cm/sec (a) and 
v = 4.1 x 10° cm/sec (b). 
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FIG. 6. Dependence of the width of equilibrium charge 
distribution, o = (i? — i7)*, on Z: A—in helium, +—in 
nitrogen, @—in krypton, and © —in celluloid film at 
v = 2.6 x 10° cm/sec. 


electron shell begins to be filled at v ~ 3 x 108 
cm/sec, there are noticeable deviations from a 
smooth dependence of the quantities $i, i, and 0 
on Z. It should be noted that these deviations are 
strongest in the distribution width o in the case 
of gases and in the value of the average charge in 
the case of solids, and that this influences strongly 


18 
the average energy losses. 


The equilibrium charge distributions of ions 
with Z = 10 passing through nitrogen, argon, and 
krypton, and of ions with Z = 15 passing through 
helium, deviate systematically from Gaussian in 
the region of large values of i, since the ratios 
©; /4;, , no longer increase with increasing i 
(see, for example, Fig. 4). 

The constancy of 6;/; , , at large values of i 
can be attributed to the influence of collisions in- 
volving large changes in the charge, and are evi- 
dence that ions with i> i+ 1 are produced in 
these cases essentially by simultaneous loss of 
several electrons. No change to constant values 
of 4{/4; , 1 was observed in the passage of ions 
through a celluloid film. 
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Experiments on double scattering of 6.8-Mev protons were performed. The large value of 
the polarization of protons scattered on carbon is evidence of the importance of spin-orbit 
interaction during scattering. An angular dependence on the polarization is noted. 


Experime NTS on the polarization of protons 
scattered elastically by atomic nuclei show that 
proton polarization can become considerable even 
at relatively low energies.'? The present investi- 
gation was devoted to polarization of protons on 
carbon in the energy region near 7 Mev. The 

work was undertaken both to investigate the role of 
the spin-orbit interaction during elastic scattering 
and to construct a polarization instrument in which 
carbon is used as the second scatterer. 

A beam of 6.8-Mev protons was produced in a 
cyclotron. After extraction from the accelerating 
chamber, focusing, rotation through 30°, and colli- 
mation, the protons impinged on a target located in 
a vacuum reaction chamber. The polarization was 
determined by double-scattering experiments. The 
second scatterer was also carbon. The second- 
scattering angle was 45°. The doubly-scattered 
protons were recorded with Ya-1 nuclear emul- 
sions 200 p thick. The emulsions were scanned 
under a microscope to select tracks of specified 
direction and magnitude. This served to segregate 
the group of protons that experienced double elastic 
coplanar scattering by carbon. 

The construction of the instrument was such 
that simultaneous measurements could be made at 
six primary-scattering angles. This has reduced 
noticeably the operating time of the cyclotron, 
which is considerable in double-scattering experi- 
ments. The entire measuring apparatus was 
thoroughly adjusted, since geometrical inaccura- 
cies could lead to false asymmetry. 

The carbon targets were made in the form of 
polystyrol film filled with fine graphite powder. 
The target thickness was on the order of 10 
mg/cm”. The exposure time was from 2 to 10 
hours, depending on the scattering angle, with the 
primary beam current on the order of 0.01 pa. 

The right-left asymmetry after the second 
scattering was determined in the experiments. 


The results of the measurements are listed in the 
table. Knowledge of the right-left asymmetry 
makes it possible to determine the polarization, 


Value of asymmetry in 
experiments on double 
scattering of 6.8-Mev 
protons on carbon; 
é=(R—= L)/(Be Li); 
R and L are the numbers 
of tracks to the right and 


to the left. 
wp | iL e 
45 | 2485 1664 0.198+0.02 
65 245 We OVsg32=0E10 
80 520 642 — 01105-20205 
90 107 432 —0,606+0.09 
100 1204 554 0.300+0,05 
110 1827 690 0.451+0.04 
120 WKH 20 0.742+0.45 
135 2227 1659 0.146+0.02 


provided the particle polarization in one of the 
scatterings is known. The use of targets of con- 
siderable thickness in the experiments did not 
enable us to take full advantage of the known data 
on the polarization of protons at 45° (references 3 
and 4) or to calibrate the instrument with suffi- 
cient accuracy. This was connected with the con- 
siderable energy indeterminacy that arises in 
scattering of low-energy protons by a thick target. 
Account must be taken here of the rapid variation 
of the polarization with energy in the case of 
carbon. 

The qualitative estimates made disclose a con- 
siderable polarization upon scattering of 6.8-Mev 
protons by carbon. This demonstrates the possi- 
bility of using carbon as an analyzer in the inves- 
tigation of polarization in our energy range. To 
obtain accurate quantitative data we shall use 
thinner targets, particularly since experiments 
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have shown that this does not increase the exposure 'L. Rosen and J. E. Brolley, Phys. Rev. 107, 
time excessively. 1454 (1957). 

Estimates show that the angular dependence of ?V. P. Sorokin and A. Ya. Taranov, Dokl. Akad. 
the polarization in the scattering of protons by Nauk SSSR 111, 82 (1956), Soviet Phys .-Doklady 1 
carbon is similar to that in diffraction. A com- 637 (1957). 
parison of the angular dependence of the polariza- 2R.E. Warner and W. P. Alford, Phys. Rev. 
tion which we obtained for carbon with the data for 114, 1338 (1959). 
aluminum? shows good agreement in quantities Cucs Phillips and P. D. Miller, Comptes 
Ae sin (6,,/2 ), where 8, is the angle at which Rendus du Congres International de Physique 
the maximum or minimum takes place. Nucleaire, Paris, (1959) p. 522. 

In conclusion, the authors express their grati- 
tude to the cyclotron crew of the laboratory for Translated by J. G. Adashko 
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The temperature variation of the spontaneous magnetization of chromium telluride (CrTe ) 

in the magnetic transformation temperature region was determined by three different methods. 
The magnetocaloric effect and the magnetization were measured for various magnetic field 
strengths at various temperatures. The Curie temperature of chromium telluride was found 
to be +60°C by the method of thermodynamic coefficients. The results obtained are discussed 
in terms of the s-d exchange model of ferromagnetism. 


Gitnaaaat from a study of the absolute satu- 
ration magnetization of chromium telluride at low 
temperatures, has proposed that the reason for 
the small value of the magnetic moment of the 
chromium atom (M = 2.39 yp) is the existence 

in this compound of uncompensated antiferromag- 
netism (or ferrimagnetism). The fact that the 
spontaneous magnetization of ferrimagnets is dif- 
ferent from zero is, according to Néel’s model,” 
due to the non-equivalent magnetic moments of 

the transition metal ions situated in the different 
magnetic sublattices, which are oriented antipar- 
allel to one another. In order to verify this hy- 
pothesis and to determine whether chromium tellu- 
ride belongs to the ferromagnetic or ferrimagnetic 
class of substances, we have undertaken a detailed 
study of the temperature dependence of the spon- 
taneous magnetization og in the region of the Curie 
point. The curve of og/o) =f(T/®f) obtained by 
Guilland cannot be used to judge the temperature 
behavior of the spontaneous magnetization in the 
direct vicinity of the Curie point @¢, and it re- 
quires refinement, since different data are given 
in two papers by this author.?*4 


SPECIMEN FABRICATION AND MEASUREMENT 
PROCEDURE 


Chromium telluride was obtained by melting 
together finely divided and carefully mixed 
chromium and tellurium powders in evacuated and 
sealed-off quartz ampoules. Electrolytic chromium 
was used as the starting material and had the fol- 
lowing chemical composition: Cr — 99.9, Si 
—70,03, Fe — 0.02, Cu — 0.0013; Ni— 0:015%. To 
remove hydrogen, the chromium was annealed 


under a high vacuum at 1000°C for 12 hours. 

The chemical composition of the tellurium was 
as follows: Te > 99.999, Cu — 0.0001, Ag — 0.0002, 
Bi < 0.0001, Sb and As — 0.0001%. After fabrica- 
tion the alloy was subjected to x-ray phase analy- 
sis, and the microstructure was studied; these 
showed the presence of traces of Te along with 
the principal phase CrTe. For measurements of 
the magnetocaloric effect and the magnetization, 
specimens in the form of balls were turned from 
the alloy obtained. The magnetocaloric effect was 
measured by a method similar to that described by 
Fakidov and Krasovskii®. The magnetization iso- 
therms were measured with the aid of a pendulum 
magnetic balance similar in construction to 
Domenicali’s.6 The maximum magnetic fields 
used in this case were 16 koe. The weights of the 
specimens were 0.022 to 0.030 g. The specimen 
was kept at constant temperature by a Heppler 
thermostat, which maintained the temperature 
constant within +0.05°. The temperature was 
measured with a copper-constantan thermocouple 
and a potentiometer. 


RESULTS 


In order to obtain the most reliable data on the 
temperature variation of the spontaneous magneti- 
zation of chromium telluride, we measured the de- 
pendence of the magnetocaloric effect on the mag- 
netic field strength both above and below the Curie 
point, and the magnetization isotherms of the com- 
pound in the region of the paraprocess. Curves 
showing the variation of the magnetocaloric effect 
AT with the square of the magnetization, taken at 
various temperatures, are shown in Fig. 1; by 
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FIG. 1. The dependence of the magnetocaloric effect AT 
on the square of the specific magnetization for various tem- 
peratures. 


extrapolating the straight-line portions of these 
curves to AT = 0, the square of the spontaneous 
magnetization 0% is obtained. 

The measurement of the magnetization iso- 
therms in the paraprocess region allows the tem- 
perature variation of the spontaneous magnetiza- 
tion to be determined by two methods: ‘‘the 


method of the equal magnetization lines’’, developed 


by Weiss and Forer, and ‘‘the method of thermody- 
namic coefficients,’’ which was used by Belov’ 

in studies of a number of ferro- and ferrimagnetic 
substances. The data we obtained on the magneti- 
zation of chromium telluride as a function of mag- 
netic field strength is presented in Fig. 2. This 
data is shown in the figure as curves of H/o as 
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FIG. 2. Dependence of Hj/o on o* for chromium telluride. 
The field H is corrected by taking into account the demagnet- 
izing factor of the specimen shape. 
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functions of o”, so that it is possible to compare 
the well known thermodynamic equation? 


a6 + Bo? = H (1) 


with our results. The spontaneous magnetization 
was calculated with the aid of the thermodynamic 
coefficients a and B, the ratio of which is equal to 
the square of the spontaneous magnetization 0% 
=—a/f. 

It is seen from the graphs presented that the 
true magnetization of chromium telluride in the 
region of the Curie temperature can be adequately 
described by Eq. (1); this allows the values of the 
thermodynamic coefficients @ and f and their 
temperature variations to be determined. It is 
found that, in the temperature range |T — @f¢| 
= 14.5°, the coefficient a@ changes linearly with 
temperature, with da/dT = 40, but the value of the 
coefficient 8 remains almost constant and lies 
within the limits 1 to 0.8. In accord with the con- 
clusions of the thermodynamic theory, a is nega- 
tive and 6 positive throughout the temperature 
range studied for T < @¢. The Curie temperature 
determined from the condition a@ = 0 is found to 
be 60°C, which is somewhat larger than the value 
@¢ = 55°C we found from the magnetocaloric effect 
and the values @f = 57.5° and @f = 58.0°C found 
from the break in the curve of electrical resistance 
vs. temperature and from the maximum of the gal- 
vanomagnetic effect (—AR/R). 

The temperature variation of the spontaneous 
magnetization of chromium telluride determined 
by the three methods described is shown in Fig. 3; 
the fairly good agreement of the results in the 
temperature region T < @f can be seen. The de- 
struction of the ‘‘remnants’’ of spontaneous mag- 
netization occurs in the interval of temperature 30 
to 40° above the Curie point, as is seen from the 
curves of og(T) derived from measurements of 
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the magnetocaloric effect and by ‘‘the method of 
equal magnetization lines.’’ 
Making use of the magnetic equation of state 


(6s / 59)? =§ (1 —T/®)), 


we have determined the rate at which the spon- 
taneous magnetization of chromium telluride 
changes with temperature near the Curie point. 
The coefficient € is equal to 2.40 to 2.46 accord- 
ing to the data in Fig. 4, where the temperature 
variation of the square of the relative spontaneous 
magnetization is plotted. The value of o for 
chromium telluride* was taken to be 79.5 gauss/g; 
the magnetic moment of the chromium ion is then 
Meff = 2.56 uB, which is somewhat larger than the 
values of Meff quoted by other authors.'’!” The 
comparison of the curve we obtained, for the tem- 
perature variation of the spontaneous magnetiza- 
tion of CrTe, with the curves calculated theoreti- 
cally on the basis of the Weiss theory, taking into 
account the spatial quantization of the magnetiza- 
tion vector, shows that the assumption j = % for 
CrTe reflects reality most closely. (Here j is 
the internal quantum number given by j = L+S, 
where L is the azimuthal or orbital quantum num- 
ber, and S is the spin quantum number.) Guilland 
quotes for CrTe two different values’ j = 3 (ref- 
erence 3) andj =2 (reference 4). 

Measurements we have made on the temperature 
variation of the magnetic susceptibility of chro- 
mium telluride show that in the paramagnetic re- 
gion the susceptibility obeys the Curie-Weiss law 
x = CM/(T — ®), with values for the constants 


(2) 


*The value of o, was determined from the experimental 
data of Lotgering and Gorter’? on the magnetization at T = 20°K 
by a graphical extrapolation to infinitely large magnetic field 
strength with a hyperbolic law of approach to saturation 
a =05(1 — 1/H). The agreement of the magnetization values 
we obtained with the data of reference 12 in the temperature 
region 77 to 400°K was very good. 


GRAZHDANKINA, 
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Cm and ® of 1.97 and 347°K, respectively; this 
agrees quite well with previously quoted datas 174 
The value of the effective magnetic moment Meff, 
calculated from our experimental data by the 
formula Meff = V3kCM/NP? is 3.97 wp; the theo- 
retical value of Meff, calculated assuming com- 
plete ‘‘freezing’’ of the orbital moment for S = Te 
is 3.87 wR (k is the Boltzmann’s constant). 


DISCUSSION OF THE RESULTS 


As is well known, the existence of uncompen- 
sated antiferromagnetism in a substance can be 
determined most directly by neutron diffraction 
studies, which allow the structure of the magnetic 
sublattices to be established. Insofar as such 
studies have not been made on CrTe to date, the 
possibility that this compound belongs to the ferri- 
magnetic class of substances (as Guilland pro- 
poses ) is only one of several alternative causes 
of the small value of the magnetic moment of the 
chromium atom in CrTe. A simultaneous study 
of the various physical properties of this com- 
pound is necessary to answer this question simply. 

1. Firstly, the observed decrease in the mag- 
netic moment of Cr in the compound CrTe can 
be caused by the partial filling of the 3d band of 
Cr by the external electrons from Te which par- 
ticipate in the sharing of electrons in the crystal. 
Such a change of the electron energy spectrum of 
the transition metal inevitably results in hetero- 
polar bonds, which should show up in the electrical 
and x-ray spectral properties of the compound. A 
study we made together with Kikoin of the electri- 
cal and galvanomagnetic properties of Crile,” 
which established the existence of metallic conduc- 
tivity in the compound, as well as studies of the 
fine structure of the K absorption spectra of Cr 
in CrTe made by Men’shikov and Nemnonov"‘ on 
our specimens, showed the small participation of 
the d electrons of the transition metal in the 
chemical bond. This is indeed a confirmation of 
Pearson’s ideas!® on the existence of the p’ -elec- 
tronic configuration in the transition metal com- 
pounds with the NiAs type of crystal structure. 

2. The other reason for a reduced magnetic 
moment is the existence in the substance of mag- 
netic subsystems. For semiconducting ferrimag- 
nets (ferrites) these subsystems form two or 
more magnetic sublattices with different magneti- 
zations. For metallic ferromagnets, according to 
the s-d exchange model!®, the subsystems are 
formed by the internal d and external s electrons. 
Thus, the resulting magnetization of the crystal as 
a whole is the sum of the magnetizations of the 
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lattice and of the conduction electrons. The spon- 
taneous magnetization of metallic ferrimagnets 
can in the general case be due to magnetic sub- 
systems of both types. 

Because the mechanisms that give rise to spon- 
taneous magnetization in ferro- and ferrimagnets 
are different, the character of the magnetic trans- 
formation is essentially different in these two 
classes of substances. As has been shown by 
theoretical!” and experimental’? work, the differ- 
ence shows up especially in the different rates at 
which the spontaneous magnetization changes with 
temperature in the region of the Curie point, 
which is described by the coefficient — in Eq. (2). 
For ferrites € is much smaller than 3 and lies 
within the limits 0.1 to 0.7; for metallic ferromag- 
nets, on the other hand, according to the calcula- 
tion of Vonsovskii and Vlasov,” one has é > 3. 
The empirical value we have obtained for chro- 
mium telluride is equal to the theoretical value of 
— for j = %4, calculated from the formulae of the 
*‘quasi-classical’’ theory of ferromagnetism, 
which does not take into account the spontaneous 
magnetization of the conduction electrons. 

Summarizing all that has been said, it can be 
proposed that CrTe is apparently not a ferrimag- 
net, as Guilland surmised, but belongs to the ferro- 
magnetic class of substances, in which the s-d 
exchange interaction is small. The absence of the 
hyperbolic change of susceptibility with tempera- 
ture in the paramagnetic region, which is charac- 
teristic of ferrimagnets, as well as the much better 
agreement between the values of the magnetic 
moment determined from the paramagnetic meas- 
urements and from the magnetization at absolute 
saturation, as compared with ferrites and ferro- 
magnetic metals, can be taken as a confirmation 
of this view. 

According to Pearson’s scheme for the hybridi- 
zation of wave functions in NiAs type structures, 
the resonating p’ bonds in CrTe require the 
existence of four uncompensated 3d electrons, 
which determine the value of the effective mag- 
netic moment Meff. Nevertheless, the number of 
magnetically active electrons estimated from the 
value of the effective magnetic moment we meas- 
ured was found to be less than four. This dis- 
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crepancy could be caused either by the sharing of 
some small fraction of the d electrons with the s 
electrons, or by the formation of an intrinsic d 
conduction band due to dd interaction. A final 
answer to this question could be obtained from a 
study of the x ray K and L emission spectra. 

Neutron diffraction investigations of CrTe 
should be decisive in verifying the ideas expressed 
here on the ordering of the magnetic spin moments 
in this compound. 
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A telescope of three proportional counters was used to measure angular distributions of a 
particles from the F’® (p, a)O'* reaction with formation of the o'* nucleus in the ground 
state. Measurements were made over the range of angles 20 — 160° for 11 energies of the 
incident protons between 5.1 and 6.5 Mev. All the angular distributions show a marked an- 
isotropy. The results are discussed from the point of view of possible reaction mechanisms. 


INTRODUCTION 


‘Tre investigation of angular distributions of 
particles formed in the Fr (p, @ yo." reaction 
for proton energies up to 2.6 Mev has been car- 
ried out by various authors.’’? The analysis of 

the results shows that in this energy range the 
main reaction mechanism is a process associ- 
ated with formation of an intermediate compound 
nucleus. Ranken et al. obtained excitation curves 
for the F” (p, a)O** reaction in the energy range 
from 1.2 to 5.5 Mev. The very evident resonance 
character of these curves shows that the formation 
of a compound nucleus continues to be the pre- 
dominant reaction mechanism, at least up to pro- 
ton energies ~5 Mev. For higher energies, the 
F® (p, a)0'* reaction has been investigated only 
by Likely and Brady,’ who measured angular dis- 
tributions of the a-particle group corresponding 
to formation of the O18 nucleus in its ground state, 
for proton energies 16.0 and 18.5 Mev. At these 
energies one observes a series of maxima of the 
differential cross section in the angular distribu- 
tions. Comparing the experimental data with the 
results of computation, the authors conclude that 
at these energies of the incident protons the pre- 
dominant reaction mechanism is the capture by the 
proton of a triton from the F” nucleus. 

The purpose of the present work is to study the 
angular distribution of a-particles resulting from 
the F? (p, a)O' reaction for proton energies in 
the range 5.1—6.5 Mev. 


EXPERIMENTAL METHOD 


In our work we used protons with an energy 
~6.6 Mev, obtained by accelerating molecular hy- 
drogen in the 120-centimenter cyclotron of the In- 
stitute for Nuclear Physics of Moscow State Uni- 
versity. The proton energy was changed by slowing 


FIG. 1. Experimental set-up. I— vacuum chamber, II— 
chamber with counters. M—target; ®—collector; D,, D,, D;, D, 
—disks with aluminum foils; C,, C,, C,— proportional counters; 
K,, K,, K; — collimating slits; A,, A, —disks with aluminum 
foils for varying the beam energy. 


the protons with aluminum foils 10.5 pw in thickness. 
To determine the energy of the incident particles, 
we measured the energy spectrum of protons elas- 
tically scattered by an aluminum foil (0.18 mg/ 
cm? thick) at an angle of 90°. The mean proton 
energy was determined to an accuracy of ~50 kev. 

The arrangement of the apparatus used in the 
experiment is shown schematically in Fig. 1. The 
focused beam of protons taken out of the cyclotron, 
after passing through collimating slits (3 x 6 mm), 
impinged on a thin target set at an angle of 45°, 
placed at the center of a vacuum chamber 12.4 cm 
in diameter. 

Particles formed in nuclear reactions emerged 
from the vacuum chamber through a slit which was 
covered by a 1.2 mg/cm? film of *‘lavsan’? and were 
recorded by a telescope of three proportional 
counters; the first two counters were connected in 
coincidence and the third in anti-coincidence. The 
counters were kept in a special chamber which 
could be rotated about the target over the range 
of angles from 0 to 162°. The particles entered 
the counter chamber through an entrance window 
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a 
¥v 
400 | 
P FIG. 2. Differential distri- 
300 bution of pulse heights (V) for 
particles emerging at an angle 
of 30° from an aluminum target, 
for Ep = 6.6 Mev (with no alu- 
200 minum absorber in front of the 


$ first counter). 


of mica 2 mg/cm? thick, the size of which was 


3 X 6 in some experiments, and 2 xX 4 mm in others. 


The chamber was filled with a mixture of argon 
(96%) and CO, (4%) to a pressure of 20 cm Hg. In- 
side the chamber, in front of the first counter, 
there were two disks by means of which one could 
insert in the path of the particles an aluminum 
absorber with any thickness from 0 to 540 pw in 
steps of 5.25 uw. The disks and the counter chamber 
could be rotated remotely. 

To vary the width of the energy interval in which 
particles were recorded, two disks were placed 
between the second and third counters, with a set 
of aluminum foils 7 yw thick. In taking the energy 
spectra (cf., for example, Fig. 3), these foils were 
not used and the width of the energy interval was 
determined only by the distance between the first 
and second counters and by the gas pressure in 
the chamber. In measuring angular distributions 
the absorber thickness was chosen so that the en- 
ergy interval recorded was greater than the en- 
ergy spread of the group of particles under investi- 
gation. 

To distinguish a particles from protons, a pulse 
height analyzer was placed ahead of the coincident 
circuit in the leads from the first counter. Figure 
2 shows a differential pulse spectrum obtained with 
this analyzer for an aluminum target. Because of 
the great difference in specific ionization of pro- 
tons and a particles, the peaks corresponding to 
inelastic scattering of protons by aluminum (left 
peak ) and to @ particles from the Al*" (p, a) 

Me"4 reaction (right peak) are well resolved. In 


measuring the @ particles, the pulse height ana- 
lyzer was used as an integral counter and the 
lower threshold was adjusted so that protons were 
not recorded. 

The experimental equipment described made it 
possible to investigate the energy and angular dis- 
tributions of particles with a range exceeding 30 yu 
of aluminum; this corresponds to a minimum en- 
ergy of 1.7 Mev for protons and 6.7 Mev for a 
particles. 


FIG. 3. Energy 
spectrum of  par- 
ticles from the $ 
F’°(p,@)O'* reaction 
for Ep = 6.6 Mev. 
The upper scale on 
the abscissa gives 
the thickness d of } 
aluminum absorber 
in front of the first 
counter, and the 
lower scale the 
energy of the @ par- 
ticles in Mev. 
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EXPERIMENTAL RESULTS 


In Fig. 3 we show the distribution in range of 
qa particles emerging at an angle of 30° from 
bombardment of a teflon target by protons of 
6.6 Mev. The arrows show the expected location 
of the three groups of q@ particles produced in the 
Ee (p, @) o'®8 reaction. No a particles were ob- 
served from reactions on any other elements, 
since the a particles formed in most (p, a) re- 
actions have an energy less than 6.7 Mev. The 
background at most angles did not exceed 1—2% 
and was somewhat higher at small and large 
angles. At 20° the background reached 10%, while 
for still smaller angles the background increased 
sharply because of the heavy loading of the coun- 
ters by elastically scattered protons. Because of 
this the angular distributions were measured over 
the range of angles from 20 to 160°. 

The angular distributions of the long-range a 
particles, which result from the F? (p, a) 016 
reaction corresponding to formation of the Qe 
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FIG. 4. Angular distributions (in the c.m.s.) for % particles 
from the F’°(p,@)O*° reaction, corresponding to the ground state 
of O**. On the curves are shown the values of the mean energy 
of the protons in the target. The statistical errors are smaller 
than the size of the experimental points. 


nucleus in its ground state (Q = 8.12 Mev), were 
measured for 11 values of the energy of bombard- 
ing protons from 5.15 to 6.68 Mev. The results 
obtained, transformed to the center of mass sys- 
tem, are shown in Fig. 4. In measuring the angu- 
lar distributions we used a target of teflon (the 
simplest formula being CF.) 1.6 mg /em? in 
thickness. With the target set at an angle of 45°, 
this is equivalent to a loss of 140 kev for pro- 
tons with 6 Mev energy. For protons with energies 
of 5.67 and 6.52 Mev the angular distributions were 
measured several times. For 6.52 Mev we also 
made control measurements with targets of CaF, 
and LiF prepared by evaporation in vacuum. The 
experimental data obtained in the various experi- 
ments are in good agreement with one another. 
The values of the differential cross sections in 
millibarns per steradian recorded on the ordinates 
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in Fig. 4 were obtained by comparing the results of 
the present work at an angle of 90° and proton en- 
ergies of 5.08 and 5.23 Mev with the cross sections 
given by Ranken et a 


DISCUSSION OF RESULTS 


As we see from Fig. 4, all the observed angular 
distributions are markedly anisotropic. For proton 
energies of 5.08 up to 6.24 Mev, there is a rise in 
the differential cross section at small angles. For 
energies from 5.67 to 6.52 Mev the angular distri- 
butions reach a maximum at angles close to 180°. 
The presence of all these maxima is characteristic 
of direct processes: the ejection by the impinging 
proton of an a particle from the nucleus (so-called 
“‘knock-out’’),° and pick up by the proton of a triton 
from the F’® nucleus® should lead to the occurrence 
of a maximum at small angles, while ‘‘heavy parti- 
cle stripping’’ for light nuclei can lead to the ap- 
pearance of a maximum at large angles. As already 
mentioned, the angular distributions of q@ particles 
from the F!® (p, a) o' reaction measured by 
Likely and Brady‘ for protons with energies 16.0 
and 18.5 Mev are explained well if one assumes 
that the main reaction mechanism at these energies 
is the pickup of a triton. One can draw no con- 
clusion concerning the relative contribution of 
‘‘heavy particle stripping’’ at these energies from 
the work of Likely and Brady, since they made their 
measurements only for angles less than 120°. How- 
ever, ‘‘heavy particle stripping’? seems to give a 
considerable contribution to the reaction C!? 

(a, p) N which was investigated by Nonaka 

et al. for a particles with energies from 25 to 
39 Mev (this is equivalent to protons with ener- 
gies from 14.7 to 25.9 Mev for the inverse reac- 
tion). The angular distributions obtained by 
them for particles formed in this reaction have 
a maximum at small angles, while for energies 
of the a particles below 31 Mev (which corre- 
sponds to proton energies less than 1.95 Mev 
for the inverse reaction) there is observed a 
maximum at large angles, whose height is of the 
same order as that of the forward maximum. 

Thus the presence of sharp maxima in the 
differential cross section is naturally explained 
by direct processes. Calculations show that one 
can obtain satisfactory agreement with all the 
observed angular distributions by using the sim- 
plest formula! for computing angular distributions 
in the processes of capture and ‘‘heavy particle 
stripping,’’ if one takes account of interference 
between these processes. (As an example we 
show in Fig. 5 the results of computation of angu- 
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FIG. 5. Comparison of observed angular distributions with 
the distributions computed in case a for pickup (for interaction 
radius R = 7.4 x 10-** cm); for case b—for pickup (for R = 7.8 
x 107** cm) and for ‘‘heavy particle stripping’’ (for R = 7.0 
x 10-** cm), where interference has been taken into account. 
lar distributions for protons with energies 5.23 
and 6.24 Mev.) However, such agreement can be 
obtained only if for the different proton energies 
we use different values of the parameters charac- 
terizing the radii of interaction in the processes 
of capture and ‘‘heavy particle stripping,’’ and of 
the relative values of the amplitudes for these 
processes. This is related to the strong depend- 
ence of the observed angular distributions on the 
energy of the incident protons. In addition, when 
the energy is varied, the maxima in the angular 
distributions shift opposite in direction to that 
which one should get from the theory of direct 
processes. For example, when the proton energy 
is increased from 5.08 to 5.67 Mev, the maxima 
shift toward larger angles, whereas for the case 
of direct ejection and for the case of capture, the 
maxima should shift toward 0°. In order to ex- 
plain the observed shift of the maximum, one must 
assume a very rapid fall-off in the parameter R 
with increasing energy, which it seems cannot be 
justified. 

The strong dependence of the angular distribu- 
tions on the energy of incident protons is an indi- 
cation of the important role of reaction mecha- 
nisms associated with formation of a compound 
nucleus.’ Further evidence in favor of this is that 
the change in total cross section with energy is not 
monotonic, as it should be for direct processes. In 
Fig. 6 we show the change in total cross section 
with energy and the excitation curves for the differ- 
ential cross sections at angles 30°, 90° and 150°. 
The experimental curves shown on the figure (ex- 
cept for the excitation curve at 90° ) have reso- 
nance character. It is true that the position of the 
two maxima observed does not coincide with that 
of the resonances obtained by Blaser et aly for 
the F'? (p, n) Ne” reaction, which are shown by 
the arrows on Fig. 6. In addition, the observed 
maxima in the excitation curves are too broad to 
be interpreted as resonances corresponding to in- 
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FIG. 6. Dependence of total cross section (solid curve) 
and differential cross section at angles of 30°, 90°, and 150° 
(dashed curves) on proton energy. 


dividual levels in the intermediate nucleus. Never- 
theless, the resonance structure of the excitation 
curves shows that in the (p, a) reaction in fluo- 
rine compound nucleus formation plays an impor- 
tant role. 

Thus the measured angular distributions of a 
particles formed in the Ee (p, @) 0! reaction 
show apparently that in the range of proton en- 
ergies from 5.1 to 6.5 Mev there is no single pre- 
dominant reaction mechanism. In this energy in- 
terval there are sizable contributions both from 
direct processes and from reaction mechanisms 
associated with formation of a compound nucleus. 

In conclusion the authors express their grati- 
tude to B. V. Devichev for valuable assistance in 
carrying out the work and also to the operating 
group of the cyclotron. 
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We investigate the angular and momentum distributions of residual nuclei produced as a re- 
sult of quasi-free interaction of fast pions or protons with the nucleons of helium nuclei. It 

is found that the shape of the distributions can be explained within the framework of the Serber- 
Goldberger model by taking into account the transfer of additional momentum due to coupling. 
The possibility of determining the momentum distribution of the nucleons in the helium nu- 
cleus from the momentum spectrum of the residual nuclei is discussed. The momentum dis- 
tribution of the nucleons can be satisfactorily described by a Gaussian function that decreases 


to the 1/e value at an energy Ey) = (12 + 2) Mev. 


INTRODUCTION 


Experiments with fast particles have demon- 
strated that the inelastic interaction between these 
particles and nuclei is essentially the result of 
several successive collisions of the incoming par- 
ticle with individual nucleons of the nucleus. Such 
processes can be described by regarding the nucle- 
ons as free, and coupling can be accounted for in 
first approximation by introducing a certain intra- 
nuclear nucleon momentum distribution, for exam- 
ple, the degenerate Fermi-gas distribution (the 
Serber-Goldberger model!~?), 

Of particular interest are the so called quasi- 
free collisions, which are accompanied by the 
knock-out of only one nuclear nucleon. A study of 
such processes can yield information on the intra- 
nuclear nucleon momentum distribution, since the 
kinematic characteristics of all three particles in 
the final state depend on the momentum of the nu- 
cleon inside the nucleus at the instant when it col- 
lides with a fast particle. 

In references 3 —5, the momentum distribution 
of the nucleons in the nuclei was investigated by an 
analysis of the energy spectra of inelastically scat- 
tered nucleons. This method, however, is not free 
of certain shortcomings, the most important among 
them being the impossibility of distinct separation 
of the quasi-free scattering processes. 

The most direct connection exists between the 
intranuclear momentum of the nucleus and the mo- 
mentum of the residual nucleus.*? Within the 
framework of the model under consideration, the 
momentum of the residual nucleus should be equal 


in magnitude and opposite in direction to the mo- 
mentum of the nucleons with which collision takes 
place; thus, the momentum spectrum of the resid- 
ual nuclei should be a direct reflection of the in- 
ternuclear momentum distribution of the nucleons. 
However, such a simplified interpretation of the 
spectra of the residual nuclei calls for an experi- 
mental verification. It may be useful in this con- 
nection to study the angular distributions of the 
residual nuclei, and to carry out experiments with 
different particles over a wide range of energies. 
To investigate the intranuclear momentum distri- 
butions of the nucleons over the residual nuclei, it 
is best to use the helium nucleus, which experi- 
ences, with a high degree of probability, quasi-free 
collisions when bombarded by fast particles.®® 
Furthermore, the residual nuclei He*® and H® are 
relatively easy to record. 

Attempts to obtain information on the intranu- 
clear motion of nucleons in the nucleus He! were 
undertaken in references 5 and 10. In spite of the 
high accuracy of the resultant inelastic proton scat- 
tering spectra, Hillman et al.° were unable to make 
a clearcut choice between the two compared para- 
meters of the Gaussian distribution — 5 Mev and 
18 Mev. Selove and Teem?® investigated the mo- 
mentum spectrum of deutrons in the capture of 
neutrons from the nucleus He* by protons. How- 
ever, as indicated by the authors themselves, they 
were unable to obtain data on the nucleon momen- 
tum distribution, owing to the low energy of the 
incoming particles (95 Mev). 

We report here the results of an investigation 
of the angular and momentum distributions of resid- 
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ual nuclei in quasi-free interactions of fast pions 
and protons with helium nucleons. 


EXPERIMENTAL SETUP AND IDENTIFICATION 
OF INTERACTION EVENTS* 


The experiments were made with high-pressure 

diffusion chambers exposed to the particle beams 
from the synchrocyclotron of the Joint Institute for 
Nuclear Research. The proton, positive-pion, and 
negative pion energies were 630 +15, 237 +7, 
330 + 6 Mev, respectively. Some 20,000 photo- 
graphs were obtained in each of the proton and 
negative-pion beams, and approximately 10,000 
were obtained in the positive-pion beam. 

By observing the interactions in a diffusion 
chamber we could exclude events accompanied by 
cascades as well as events that could be attributed 
to the interaction between the incoming particle 
and a group of nucleons in the nucleus. Quasi- 
elastic interaction events were segregated by suit- 
able angle and momentum correlation of the parti- 
cles emitted after the interaction. Figure 1 shows 


. ¢ 
. 

<£ 

= 


.= 
« ¥ 
ry 
LZ 
: 
= 
ee 
3 
= 


” 
e 


aa 
‘ 


y, 
, 


BO 


\ 


FIG. 1. Photograph of quasi-elastic scattering of a proton 
by a proton. 


*A detailed description of the experimental setup, data 
reduction, and identification of interaction events was given 
by us in references 8 and 9. 
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a typical quasi-elastic scattering of a proton by a 
proton. The momentum of the H® and He?® nuclei 
was determined in most cases from the range of 
these particles in the gas of the chamber. In those 
cases when the recoil nucleus did not stop in the 
sensitive volume of the chamber, its momentum 
was determined by calculation from the known mo- 
mentum of the incoming particles and the angles 
of the scattered particles. This could be done only 
for H®, for in this case the scattering angles of 
all the particles were known. The average accu- 
racy of determination of the momenta of the resid- 
ual nuclei was approximately 15%. The results of 


identification of the remaining reactions are listed 
in the table. 


Cross 
Number sean 
of Reaction | Serial] tion 
events number) 49727 
cm 
i p+He*—p+p--+H’ 88(2)*| 29+3 
2 mt+tHetsnt+tp+tH? | 51(1) | 50+7 
3 m +Het—>n-+- p+H? | 27(4) | 1343 
4 p+Het—p--n+He i 
5 et Hetotn NN) tHeS 136 | 4624 
6 mttHetsrt+n+tHe? | 14 14+4 
7 mt -++He*—>x--++-n-+He? | 72(4) | 34+4 
8 m+(—)-+-Het+n°-+ p(n)+ 
-+-H8 (He?) 85 (2), — 


*The parentheses contain the 
number of cases in which the track 
of the residual nucleus is not seen 
and the direction of its emission is 
thus unknown. 


It was impossible to separate reaction 4 from 
the quasi-free interaction accompanied by a crea- 
tion of mesons and by the emission of a He® nu- 
cleus (reaction 5). Among the events classified 
as reactions 4 and 5 there could be also included 
two other processes, 


p+ Het a* + n-+ Het, p + Het n°.-++ p + He’. 


However, estimates based on Moulthrop’s results!’ 
show that the contribution of these reactions is in- 
significant. 


EXPERIMENTAL RESULTS 


Figure 2 shows a histogram of the angular dis- 
tribution of the residual nuclei from a quasi-free 
scattering of protons (reactions 1, 4, and 5). The 
angular distribution of the residual nuclei reac- 
tions 2, 3, 6, 7, and 8 is shown in Fig. 3. The sta- 
tistical material available provides no indication 
whatever of the difference between the distribu- 
tions for the residual nuclei from reactions with 
positive and negative pions. The results for both 
types of pions were therefore combined to improve 
the statistics. 
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FIG. 2. Angular distribution of residual nuclei (in labora- 
tory system) from the quasi-free proton-scattering reactions. 
Dash-dot curve — distribution calculated with allowance for 
the energy dependence of the nucleon-nucleon cross sections. 


FIG. 3. Angular distribution of residual nuclei from the 
quasi-free interaction of positive and negative pions. Dash-dot 
curve — distribution calculated with allowance for the energy 
dependence of the meson-nucleon cross sections. 


It follows from an examination of both histo- 
grams that the residual nuclei are emitted prefer- 
ably in the forward hemisphere. If the anisotropy 
of the angular distribution is characterized by the 
quantity a = N;/N,, where N,; and Ny, are the 
numbers of nuclei emitted in the forward and back- 
ward hemispheres, we obtain the following values 
of a for the distributions indicated above: 


Cr lie, Ula, Cmte Osi ole. 


The momentum distributions of the residual 
nuclei are shown in Figs. 4 and 5. As in the pre- 
ceding case, the histograms are plotted for the 
residual nuclei from reactions 1, 4, 5 and 2, 3, 6, 
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FIG. 4. Momentum distribution of residual nuclei 
from a quasi-free proton scattering reaction. The hatched 
areas indicate cases in which only the minimum value of 
the momentum is known. The arrow indicates the end-point 
momentum of the Fermi distribution. 
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FIG. 5. Momentum distribu- 
tion of residual nuclei from the 
quasi-free interaction of posi- 0 
tive and negative pions. The 
notation is the same as in Fig.4. /0 
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7 respectively. The data on reaction 8 were not 
included in the distribution because the ranges of 
the H® nuclei did not fit, as a rule, in the sensitive 
volume of the chamber. Both distributions are 
similar in form, although the nature and energy of 
the bombarding particles and the type of reaction 
were quite different. In no case is the form of the 
momentum distribution similar to the Fermi dis- 
tribution for a degenerate gas at zero temperature, 
although the residual nuclei have momenta which 
are of the same order of magnitude as is usually 
ascribed to the intranuclear nucleons. 


DISCUSSION OF RESULTS 


A. Angular Distributions. An attempt can be 
made to understand the foregoing by considering 
the collision between a fast particle and the nucleus 
within the framework of the Serber-Goldberger 
model. According to this model, the momenta of 
the intranuclear nucleons are isotropically distri- 
buted in space. However, the angular distribution 
of the residual nuclei will in general not be iso- 
tropic, since it depends on many factors connected 
with the motion of the nucleons. Estimates show 
that the deformation of the angular distribution is 
due essentially to the dependence of the meson- 
nucleon or nucleon-nucleon cross section on the 
relative energy of the colliding particles. Figures 
2 and 3 show the angular distributions of the resid- 
ual nuclei calculated in this approximation. A 
Gaussian intranuclear nucleon momentum distribu- 
tion A exp (- p’/pz) was assumed, with py 
= 150 Mev/c. The integration was from 0 to pmax 
300 Mev/c. The energy dependence of the cross 
sections was approximated in the form a+bE 
+ cE’, where E is the kinetic energy of the incom- 
ing particles in the laboratory system of coordi- 
nates. 

The calculated values of the anisotropic coeffi- 
cients are found to be equal to 1 for the reactions 
1, 4, and 5 and to 0.7 for the reactions 2, 3, 6, 7, 
and 8. In either case, the experimental distribu- 
tions are shifted towards the smaller angles, com- 
pared with the calculated values. It can be as- 
sumed that this effect is due to the interaction be- 
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tween the knock-on nucleon and the residual 
nucleus. 

By continuing the analysis on the basis of the 
Serber-Goldberger model we can obtain a simpli- 
fied account of this interaction. It is reasonable 
to assume that the nucleon knocked out from the 
nucleus imparts to the latter a certain additional 
momentum Ap in the direction of its motion. The 
magnitude of this momentum can be estimated ap- 
proximately from the energy and momentum con- 
servation laws, by assuming that the knock-on nu- 
cleon acquires instantaneously a momentum p, 
which produces the break in the bond. In this case 


the magnitude of the additional momentum | Ap| is a 


single-valued function of the masses of the parti- 


cles that participate in the reaction, of the momen- 


tum p acquired by the nucleon, and also of the 
binding energy of the last nucleon in the nucleus. 
In reactions 2 and 3 it was possible to measure 
the direction and magnitude of the momentum of 
the knock-on nucleon. The additional momentum 
vector Ap could thus be determined in each case. 
The picture of the interaction events was recon- 
structed in space to determine both the magnitude 
and the direction of the momentum of the residual 
nucleus prior to its interaction with the knock-on 
nucleon. The solid line of Fig. 6 shows the angular 
distribution of the H® nuclei from reactions 2 and 
3. The histogram obtained after taking account of 
the interaction in the final states, is plotted dotted 
in the same figure. It is shifted backward some- 
what compared with the experimentally-obtained 
distribution. The dash-dot line in the same figure 
is calculated with allowance for the energy depend- 
ence of the meson-nucleon cross sections. The 


intranuclear momentum distribution of the nucleons 


was taken in the same form as in the calculations, 


0 
lab 
FIG. 6. Angular distribution of the H* nuclei from reac- 

tions 2 and 3. The dotted line shows the distribution corrected 
for the interaction between the nucleon and the residual 
nucleus. The dash-dot line shows the distribution calculated 
with allowance for the energy dependence of the meson-nucleon 
cross sections. 


the results of which are shown in Fig. 2. It is seen 
that allowance for the interaction of the knock-on 
nucleon with the residual nucleus brings the exper- 
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imental distribution closer to the calculated one. 

This simple method of accounting for the inter- 
action between the nucleon and the residual nucleus 
in the final state cannot be used for the remaining 
reactions, since the direction and the magnitude of 
the momentum of the nucleon knocked out from the 
nucleus are indeterminate. The form of the angu- 
lar distribution can, generally speaking, be calcu- 
lated for these reactions by the Monte-Carlo 
method. Such a calculation was made with a 
‘Ural’? electronic computer for reaction (1). No 
calculations were made for the other reactions, 
since their momentum spectra could not be fully 
analyzed, owing to the presence of a considerable 
number of events in which the momentum of the 
residual nucleus could not be measured. 


The calculation was carried out in the following 
sequence. After ‘‘drawing’”’ the probable magni- 
tude and direction of the momentum p of the intra- 
nuclear nucleon, the magnitude and direction of 
the momenta of the colliding nucleons were ob- 
tained from kinematic calculations. Use was made 
here of known data on the differential cross sec- 
tions of elastic pp scattering at different ener- 
gies.'? The initial momentum of the residual nu- 
cleus Pie, was assumed to be Pres = — Py- The 
calculation was concluded by finding the vector 
Pres = Pres t AP, corresponding to the actual di- 
rection and magnitude of the momentum of the re- 
sidual nucleus. The magnitude of the vector Ap 
was found by the method indicated above. The ex- 
clusion principle eliminated from further consid- 
eration the cases in which one of the colliding nu- 
cleons had a momentum less than 220 Mev/c (end- 
point energy of the Fermi distribution for the hel- 
ium nucleus). The angular distribution calculated 
in this manner is characterized by an anisotropic 
coefficient ap = 1.25 + 0.15, which agrees with the 
experimentally-obtained ap = 1.5 + 0.2. 


It should be noted that the large value of ap in 
the overall angular distribution of the residual nu- 
clei from all the quasi-free proton interaction re- 
actions was due essentially to reactions 4 and 5. 
This can be explained qualitatively by the fact that 
meson-production processes cause the knock-on 
nucleons to be slower in the c.m.s. Asa result, 
such a nucleus acquires a large additional momen- 
tum, so that the angular distribution is more 
strongly deformed. 

B. Momentum Spectra of the Residual Nuclei. 
Unlike the situation prevailing in the angular dis- 
tributions, the kinematic factors play a much 
smaller role in the momentum spectra of the re- 
sidual nuclei. As shown by suitable computations, 
the momentum spectrum of the residual nuclei, 
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neglecting defects due to the interaction between 
the knock-on nucleon and nucleus, should duplicate 
accurately the momentum distribution of the nucle- 
ons inside the nucleus. However, an analysis of 
the angular distributions shows that the interaction 
between the nucleon and the residual nucleus must 
be taken into account. This is evidenced also by a 
certain discrepancy in the momentum spectra of 
residual nuclei from reactions with protons and 
pions. 

For reasons mentioned earlier, we shall ana- 
lyze only the spectra of the residual nuclei from 
reactions 1, 2, and 3. An approximation of the 
momentum spectrum by means of a Gauss function, 
carried out by the method of least squares, yields 
for the residual nuclei from reactions 2 and 3 
(with pions) a parameter py of value (130 +7) 
Mev/c, whereas py = 158 + 12 Mev/c for the spec- 
trum of the nuclei from the reaction (1) with pro- 
tons (see Figs. 7 and 8, solid lines). 

The effect of the bond was taken into account in 
exactly the same manner as in the preceding sec- 
tion, in the analysis of the angular distributions. 
Figure 7 shows the corrected experimental points 
of the spectrum from reactions 2 and 3. A value 
(150 + 8) Mev/c is obtained for py in this case 
(dash-dot line). This value of py was introduced 
into the initial conditions for the calculation of the 
spectrum of the H® nuclei from the quasi-elastic 
proton scattering, carried out by the Monte-Carlo 
method. The resultant value of py) was 155 
+ 5 Mev/e (dash-dot line in Figure 8). The calcu- 
lated value of py is close to the experimental 
value, 158 + 12 Mev/c, thus indicating that the 
initial distribution has been correctly chosen. 

We see thus that the momentum spectra ob- 
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spectrum of H? nuclei 
from reactions 2 and 3: 
A—initial spectrum, 

0 — after correction for 
the influence of the 
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FIG. 8. Momen- 
tum spectrum of H® 
nuclei from reac- 
tions 2 and 3: A— 
initial distribution, 
0 —distribution ob- 
tained in the Monte- 
Carlo calculation. 
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tained, with allowance for the bond, for the intra- 

nuclear nucleons from reactions with either pions 
or protons are the same, accurate to experimental 
errors, and a value 150 Mev/c can be used for po. 
The energy corresponding to this momentum is 

12 +2 Mev. 

The value E) = 12 + 2 Mev as intermediate be- 
tween the two values for the Gaussian distribution 
parameter, Ey = 5 Mev and Ey = 18 Mev, analyzed 
by Hillman et al.® The first of these values, ob- 
tained previously by Stubbins,* is apparently less 
likely. 

Compared with the spectra for the light nuclei, 
such as carbon or oxygen, the distribution meas- 
ured in the present work is softer. Thus, accord- 
ing to data by Cladis, Hess, and Moyer,? the 
Gaussian distribution parameter E,) amounts to 
16 + 3 Mev for carbon. In a later paper by 
Meshcheryakov et al.* a somewhat higher value, 
Eo = 20 Mey, is given. 

It must be noted that the methods used both in 
the present work and in references 3 —5 to obtain 
information on the intranuclear momentum distri- 
bution of the nucleons lead to a certain distortion 
of this distribution in the high-energy region. In 
the investigation of the momentum spectra of in- 
elastically scattered protons it was impossible to 
separate the protons which were scattered by 
groups of nucleons, and consequently the resultant 
distribution may be ‘‘harder’’ than the actual dis- 
tribution. 

If the momenta of the recoil nuclei are regis- 
tered and only quasi-elastic scattering events are 
selected, the momentum distribution of the nucleons 
may, to the contrary, be too soft, for in sucha 
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selection the cases when the incoming particle in- 
teracted with a nucleon which is strongly bound to 
other nucleons of the nucleus are left out from the 
distribution. This point of view finds certain con- 
firmation in the results obtained by McEwen, Gib- 
son, and Duke." In these investigations, the quasi- 
elastic scattering events in emulsion were selected 
and the residual momentum was estimated from 
the proton scattering angles. For light nuclei in 
the emulsion (carbon or oxygen), a Gaussian dis- 
tribution with E) = 11+ 3 Mev was obtained. 
Watanabe,’® and later on Brueckner, Eden, and 
Francis‘® have shown that the character of the in- 
teraction that takes place between the nucleons of 
the nucleus influence significantly the shape of the 
momentum distribution of the nucleons. Calcula- 
tions carried out on the basis of the pair-interac- 
tion model!® show that in the case of light nuclei 


the form of the spectrum in the region of large mo- 


menta is close to Gaussian for which a parameter 
Ey) = 14 Mev has been obtained in several experi- 
ments.*’!” However, the theory developed does 

not permit a description of the form of the entire 
momentum spectrum of the nucleons, which differs 
in character noticeably from the Fermi distribu- 
tion in the region of small momenta. 

The authors are grateful to I. K. Vzorov and 
Yu. D. Prokoshkin for discussion of the results of 
the present investigation. The authors thank I. A. 
Popova for performing the calculations on an elec- 
tronic computer, and also E. A. Shvaneva for help 
in reduction of experimental data. 


649 


'R. Serber, Phys. Rev. 72, 1114 (1947). 

2M. Goldberger, Phys. Rev. 74, 1269 (1948). 

> Cladis, Hess, and Moyer, Phys. Rev. 87; 425 
(1952). 

* Azhgirei, Vzorov, Zrelov, Meshcheryakov, 
Neganov, Rynding, and Shabudin, JETP 386, 1631 
(1959), Soviet Phys. JETP 9, 1163 (1959). 

* Hillman, Johansson, Tibell, Tyren, and Kohler, 
Nucl. Phys. 12, 596 (1959). 

SW. F. Fry, Phys. Rev. 98, 845 (1954). 

"G. Takeda, Phys. Rev. 93, 848 (1954). 

8kKozodaev, Kulyukin, Sulyaev, Filippov, and 
Shcherbakov, JETP 38, 409 (1960), Soviet Phys. 
JETP 11, 300 (1960). 

* Kozodaev, Kulyukin, Sulyaev, Filippov, and 
Shcherbakov, JETP 38, 708 (1960), Soviet Phys. 
JETP 11, 511 (1960). 

10W. Selove and J. Teem, Phys. Rev. 112, 1658 
(1958). 

‘1D. H. Moulthrop, Phys. Rev. 99, 1509 (1955). 

!2w. Hess, Revs. Modern Phys. 30, 368 (1958). 

BW, F. Stubbins, UCRL-8501 (1958). 

'4IcEwen, Gibson, and Duke, Phil. Mag. 2, 231 
(1957). 

15S, Watanabe, Z. Physik 113, 482 (1939). 

‘6 Brueckner, Eden, and Francis, Phys. Rev. 98, 
1445 (1955). 

‘Tk. Henley, Phys. Rev. 85, 204 (1952). 


Translated by J. G. Adashko 
169 


SOVIET PHYslCs: Ji ir 


VOLUME 12, 


NUMBER 4 APRILs, 19:64 


INELASTIC INTERACTION OF 7-BEV NEGATIVE PIONS WITH NUCLEONS 


v. A. BELYAKOV, WANG SHU-FEN, V. V. GLAGOLEV, N. DALKHAZHAV, R. M. LEBEDEV, 
N. N. MEL’NIKOVA, V. A. NIKITIN, V. PETRZHILKA, V. A. SVIRIDOV, M. SUK and 


E. D. TOLSTOV 
Joint Institute for Nuclear Research 


Submitted to JETP editor May 11, 1960 


J. Exptl. Theoret. Phys. (U.S.S.R.) 39, 937-947 (October, 1960) 


A total of 535 a N interactions in'emulsion are analyzed for ~7-Bev mesons. A large asym- 
metry is observed in the c.m.s., with the nucleons predominantly emitted in the backward 
hemisphere. Moreover, the transverse and longitudinal momenta of the emitted nucleons are 
found to be independent of the number of secondary charged particles. The fast pions are 
characterized by a considerable anisotropy in the angular distribution, whereas slow mesons 
are emitted isotropically (in the tN c.m.s.). The average momentum of the fast pions is 
equal to that of the protons. The total number of pions produced does not depend strongly on 
the number of concurrently produced charged particles. The multiplicity distribution and 
the average multiplicity can be made consistent with the statistical theory, but the angular 
and momentum distributions (particularly for nucleons ) contradict the theory. An attempt 
is made to estimate the upper limit of the radius of the nucleon core. 


‘Tur study of the inelastic interaction between 
pions and nucleons is of great interest from the 
point of view of the structure of the nucleon.! 
Many experiments have been performed recently 
with emulsion techniques and with hydrogen-filled 
chambers, in the energy range from 1 to 5 Bev.’ ~° 
The results of these investigations are analyzed 
in the review articles by Veksler’ and Koba and 
Takagi.’ We shall therefore merely summarize 
here the principal conclusions of these authors. 
The results of experiments at 1—1.5 Bev were 
discussed in references 9 and 10. The energy 
spectra and the angular distributions can be ex- 
plained by assuming the isobars (*, */,) and (%, 
Hh) play a significant role in the interaction be- 
tween a pion and a nucleon. Pions with 4.5 and 
5 Bev energy were used in references 5 and 6. An 
analysis of experimental data given in these papers 
has led the authors to conclude that neither the 
statistical theory nor an accounting for the isobars 
can explain the angular distributions in the c.m.s. 
Walker’ introduced also the concept of the knock- 
out of 6 mesons from the nucleon shell, and 
thereby obtained a qualitative explanation of the 
experimental data at 4.5 Bev. A similar approach 
to explain the results of the interaction between 
pions and nucleons at energies of several Bev was 
proposed by Barashenkov,!! who did not, however, 
consider the knock-out of 6 mesons, but applied 
the statistical theory of multiple production to a7 


collisions. The author was able to explain qualita- 
tively the asymmetry in the angular distributions 
of the generated particles, assuming that peri- 
pheral pion-pion collisions amount to approxi- 
mately 20%, and the remainder of the contribution 
is made by central collisions between the pions 
and the core. It must also be noted that in inves- 
tigations of the inelastic interaction between pro- 
tons and nucleons, a survey of which was given by 
V. I. Veksler,’ indications of the presence of per- 
ipheral collisions of nucleon shells were obtained. 
In the present work, the preliminary results of 
which were reported at the Kiev conference, !? we 
investigate the inelastic interaction between nega- 
tive pions and nucleons at ~7 Bev. Of greatest 
interest here is the study of the angular energy 
characteristics of the recoil nuclei and the pions. 


EXPERIMENTAL PART 


A 10 by 20 cm pellicle stack of 240 NIKFI-R 
emulsions 400 yw thick was irradiated in a nega- 
tive-pion beam of momentum 6.8 + 0.6 Bev/c. The 
fraction of muons in the beam was estimated to be 
5 + 2%.'8 The flux density of the negative pions on 
the boundary of the emulsion chamber was 
6 x 10? cm™*. The collimation of the meson beam 
was characterized by an angular dispersion + 20’. 

Interactions between the mesons and nucleons 
were traced by rapid scanning along the track.!4 
Any particle from the primary beam with angular 
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TABLE I 
7p interactions™ 7~n interactions 
Num- | Num- 
% % Num- | Num- | 
ber of |ber of . , f 7, 7, 
Bane renee experiment theory* kets poy experiment |theory* 
O AS} 42422156 | 56 23es3 EO) 
2 142 48 544.2 46.0 3 143 ees) NM sts) 
4 dD) 4 .63..8 44,0 5) 36 [AR GE=S2e 5 18,5 
6a} aa 4.821.5 6.0 7 Ip 2921.0) 9250 
8 2 OV =007 On 
Total | 293 100 Total | 242 100 


*The results of the calculations were graciously supplied by 


Barashenkov.”* 


i. 


dispersion + 15’ was tracked. A total of 5300 in- 
teractions with emulsion nuclei were found. The 
average range for the nuclear interaction was 
found to be 35 + 3 cm.* The interactions between 
pions and nucleons were identified by the usual 
criteria.“ !® Only inelastic interactions were 
chosen for the analysis, and were classified by the 
number of charged particles. A total of 535 in- 
elastic interactions were analyzed. 

The charged-particle distribution is shown in 
Table I. 

To analyze the interactions it was necessary to 
identify the charged particles. The slow particles 
(g/g) > 1.4)T were identified by tracing to the end 
of the range or by the Fowler-Perkins method.!® 
The dependence of pfc on g/gy, calculated from 
the tables of Barkas,!" was plotted for the fast 
particles. The multiple scattering and ionization 
were measured on the tracks of fast particles 
(g/gq < 1.4) with dip angles up to 5°, accurate to 
2 or 3% for ionization and 10 — 15% for momentum. 
False scattering was eliminated by using the data 
we obtained in special measurements (see Table 
ih): 


TABLE II 
Upper limit ee determina- 
dD tion of pfc with dif- 
Cell Meee ferent microscopes 
length,| scattering, MS2 
os U and KSM | MBI-8M 
500 | 0.12+0,04 2 ae a 
{000 | 0,20=0,02 4 Bid 
2000 | 0.35=0,03 7 | 6,6 


To increase the reliability of the particle identi- 
fication, the multiple scattering and ionization 
were measured twice (by independent methods ). 
The results of the repeated measurements were 


*The range was determined for those events, for which 
reliable control of detection efficiency could be exercised. 
tg, is the ionization on the track of a pion with momentum 


7 Bev/c. 
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FIG. 1. Angular distribu- 
tions of the pions in the 
c.m.s.: a, b,c, and d—dis- 
tributions for stars with 
1-2, 3, 4, and 5-8 prongs, 
respectively, e— summary 
angular distribution. The 
corresponding values of 
the forward-backward asym- 
metry coefficient are: a) 
2.2 43, b) 1.94 0.2, c) 
1.5+ 0.2, d)1.0+0.1 and ert 
e) 1.6 + 0.1. 1 0 


-/ Cos om 2 


in good agreement. At the attainable accuracy of 
measuring the scattering and ionization, it was 
impossible to distinguish pions from protons in 
the p§ range from 1.5 to 2.7 Bev/e. However, 
from the data obtained it can be shown that most 
particles that fall in the doubtful region are pions 
(see Appendix). The number of protons falling 

into this region have been estimated by us to be 
approximately 10% of the total number of protons.* 
We identified a total of 459 pions and 134 protons, 


*The K mesons and hyperons have not been identified, but 


their contribution is small.*® 


ae FIG. 2. Dependence of the total 
ay a5 i —l pion energy on the angle of emission 
in c.m.s. 
0 30 00 8° 


cms 
which, allowing for the geometrical corrections, 
amounts to 1630 + 70 particles. This is in good 
agreement with the total number of prongs in all 
the stars (1590). 

The three-dimensional angles of all the tracks 
were measured accurate to 0.5°, and the accuracy 
for small angles was better than 0.3°. Figure 1 
shows the angular distributions of pions in the 
meson-nucleon c.m.s. for stars with different 
number of charged particles, and also the sum- 
mary distribution for all the stars. The same 
figure shows the values of the asymmetry 7, i.e., 
the ratio of the number of particles emitted for- 
ward and backward relative to the direction of the 
primary. It is seen that the asymmetry increases 
rapidly when the number of charged particles in 
the star is small. It has been noted that the asym- 
metry is due principally to the pions with large 
momenta. Figure 2 shows the dependence of the 
average energy of the secondary mesons on the 
angle of emission in the c.m.s. An angular de- 
pendence is observed here, starting with approxi- 
mately 0.5 Bev. 


FIG. 3. Angular distributions 
of pions with momentum p > 0.5 
Bev/c (solid line) and with 
p < 0.5 Bev/c (dashed line), in 
the c.m.s. 


The angular characteristics of the fast and slow 
mesons were found to be widely different. Figure 
3 shows that the fast mesons conserve so to speak 
the direction of the momentum of the incoming 
particle, whereas the small mesons are distributed 
almost isotropically.* 

The number of pions with momentum 
p > 0.5 Bev/e was found to be 522 + 37, amounting 
on the average to one fast meson per interaction. 


*This conclusion refers to interactions with less than five 
charged particles. 
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Figure 4 shows the angular distributions of the 
protons in the c.m.s. for different numbers of 
charged particles in the star, and also the sum- 
mary distribution. In all cases the protons are 
emitted backward and thus retain their initial di- 
rection. * 

Wherever there is a proton in two-prong stars, 
the negative pion is as a rule fast. In accordance 
with this and with the data of Maenchen et al.° it 
can be assumed that most pions with momentum 
p > 0.5 Bev/c are negative. 

An examination of the momentum distributions 
of the pions and nucleons, shown in Figs. 5 and 6, 
leads us to conclude that the average nuclear mo- 
mentum, and also the average momentum of the 
charged pions, does not change, within the limit 
of statistical errors, with increasing number of 


*A similar conclusion was reached in a study*® of the inter- 
action between the proton and the nucleons. 
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FIG. 5. Pion momentum spectra in the c.m.s. and average 
values of momenta (in Bev/c): a—2-pronged stars, p = 0.62 
+ 0.06, b—3 prongs, p = 0.44 + 0.04, c-—4 prongs, p=0.52 
+ 0.05, d—5,6,7, and 8 prongs, p = 0.46 + 0.06, e—summary 
momentum spectrum, p = 0.53 + 0.03. 
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FIG. 6. Momentum spectra of protons in c.m.s. and the 
average values of momenta: a—2-pronged stars, p = 0.92 + 0.08, 


b—3 prongs, p = 0.79 + 0.07, c—4 prongs, p = 0.93 + 0.06, d— 


5,6, 7, and 8 prongs, p = 0.92 + 0.07, e—summary momentum 
spectra, p = 0.89 + 0.04. 


TABLE III 
Nch Pions Protons Protons* 
12 0,31+0,04 0.30+0.06 0,38+0.07 
3 0.2640.03 0,37+0.08 0.35+0,.07 
4 0,36+0.04 0,41+0.08 0.41+0.08 
5—8 0,34+0.05 0,40+0:10 0,414+0.10 
1—8 ORs OR OZ 0.37+40.04 0,39+0.04 


*The values of the transverse momenta are given here 
with suitable allowance for 1/3 of the particles from the 
doubtful region, which are assumed to be protons, and 
which are known to exceed the possible number of protons 
in this region. We see that such a procedure does not change 
the average transverse momenta, within the limits of errors. 


charged particles. It is interesting that the aver- 
age momentum of fast pions (p > 0.5 Bev/c) is 
0.87 + 0.06 Bev/c and is equal to the average nu- 
cleon momentum (0.89 + 0.04 Bev/c).* Starting 
with the analysis of the angular and momentum 
characteristics of the secondary protons and pions, 
it can be assumed that the character of the inter- 
action between the pions and nucleons varies little 
at 7 Bev with the number of charged particles in 
the star. 

Another interesting characteristic of the inter- 
actions at large energies are the transverse mo- 
menta of the secondary particles. 

We calculated the average transverse momenta 
p. of protons and pions for different multiplicities 
(relative to the number of charged particles). The 
values obtained are listed in Table III. 

From the data given in Table III we see that, 
within the limits of statistical accuracy, no signifi- 
cant dependence of p, on the number of charged 
particles in the star is observed for either pions 
or protons. 


ANALYSIS OF EXPERIMENTAL DATA 


Attempts were made in many theoretical 
papers”’-”2 to explain the experimental data on the 
interaction of pions in terms of the statistical 
theory. Experiments carried out at energies up to 
5 Bev, and also the results of the present investi- 
gation, have shown that there are many common 
characteristics which can be explained by this 
theory, without making any particular assumptions 
regarding the mechanism of interaction and with- 

*It should be noted that our conclusions concerning the be- 
havior of fast pions (p > 0.5 Bev/c) and protons are quite re- 
liable for multiplicities n <5; with n>5, we identified 5 
protons in 6-prong stars, 4 protons in 7-prong stars, and 2 pro- 
tons in 8-prong stars. However, all these protons have in the 
c.m.s. an angular distribution similar to the angular distribu- 
tions of the protons in stars with few prongs. 
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FIG. 7. Average number of neutral pions in stars with dif- 
ferent numbers of charged particles: O — under the assumption 
that the neutral-pion spectrum is the same as that of the 
charged pions (experiment), A—under the assumption that all 
neutral pions belong to the slow part of the spectrum (experi- 
ment), X —calculation based on statistical theory. 


FIG. 8. Angular distribution of fast pions in the 77 c.m.s. 


out introducing any model representations con- 
cerning the structure of the nucleon. Characteris- 
tics of this kind are, for example, the distribution 
of the interactions over the number of charged 
particles, and the relations between the number of 
charged particles and the neutral mesons. Table 

I lists data on the distribution of charged particles 
compared with those calculated by statistical 
theory. The average number of charged particles 
in mp collisions is 3 + 0.01, which agrees with 
Barashenkov’s calculations.”! 


Vi. 9A. BELYAKOV etval-. 


Figure 7 shows the dependence of the number 
of neutral mesons on the number of charged parti- 
cles Ngh. The experimental points were obtained 
under two assumptions: a) the charged and neu- 
tral mesons have the same average energy for 
each multiplicity, b) all the neutral pions are slow, 
p < 0.5 Bev/e (isotropic part). The same figure 
shows the points calculated by statistical 
theory.2%?2:23 In addition, for 2-pronged stars, for 
which the momenta of the proton and of the negative 
pion were measured, a kinematic calculation was 
made for reactions of the type 7 +p—~>7 +p 
+k with k=1, 2,... In most cases it was 
found that k should be greater than or equal to 2. 
The number of charged mesons averaged over all 
stars is 2.5, while the number of neutral ones is 
1.3, if assumption a) is made, or 2.3 if assumption 
b) is made. It is seen that under assumption a) the 
fraction of neutral pions is approximately Up of 
all the pions. 

Other facts, however, cannot be reconciled with 
statistical theory, unless special model representa- 
tions are introduced. For example, the asymmetry 
of the angular distribution of the secondary pions 
can be explained qualitatively in statistical calcu- 
lations only by assuming that in some cases a peri- 
pheral collision takes place between the pion and a 
pion of the nucleon shell and using the statistical 
theory for the mm collisions, but assuming central 
collisions for the remaining cases.!! It seems to 
us that a more general application of statistics to 
interactions with the nucleon shell is called for. 

As was shown earlier, pions with momenta 
< 0.5 Bev/c are emitted isotropically in the mp 
c.m.s., while the faster pions are characterized 


FIG. 9. 1—dependence of the total pion en- 
ergy on the angle of emission in the laboratory 
system in an elastic 7N collision; 2 —depen- 
dence of the total energy of the 7 mesons on 
the angle of emission in the laboratory system 
in an elastic 7 collision. The light dots repre- 
sent mesons with momenta p > 0.5 Bev/c, while 
the heavy dots represent mesons with p < 0.5 
Bev/c; the dashed lines denote the region of 
possible deviations in an elastic mz collision. 
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by a strong anisotropy. Assuming that a possible 
connection exists between the anisotropic part and 
the mz collision processes, and transforming the 
fast pions to the mm c.m.s., we obtain a symmet- 
rical angular distribution with a ‘‘forward-back- 
ward’”’ ratio 1+ 0.2 (Fig. 8). It was already noted 


earlier that on the average there is one such meson 


per star, and that its average momentum in the 

™ c.m.s. is 0.87 + 0.06 Bev/c, which amounts to 
half the initial momentum (1.7 Bev/c). In Fig. 9 
is plotted the dependence of the pion energy on the 
angle of emission in the laboratory system for 
elastic mp and elastic mz scattering. The same 
figure shows the approximate region of elastic mm 
scattering with allowance for the indeterminacy of 
the momentum of the incident pion and the mo- 
mentum of the pion in the nucleon shell, 

~0.3 Bev/c.*4 All the experimental points lie be- 
low the curve for elastic mz scattering, i.e., they 
do not contradict the assumed inelastic mz scatter- 
ing. 

If it is assumed that the main process is in- 
elastic mm interaction and that the secondary 
mesons are isotropically distributed in the rz 
c.m.s., then it is necessary to assume an effective 
“‘target’? mass 4m, to explain the experimental 
value 1.56 obtained for the asymmetry coefficient 
of the angular distribution of the mesons in the 
™ c.m.s. However, since the angular distribution 
of the secondary mesons can be anisotropic in the 
™ C.m.s. (with a maximum at 0 and 180°), the 
target mass can be less than 4m7. 

It should be noted that a fast negative pion (p 
> 0.5 Bev/c) is present in WE of the 2-pronged 
stars with an identified proton. It follows there- 


to the greater opacity of the nucleon; the result 
would be a greater momentum transfer, and ac- 
cording to statistical theory also a greater multi- 
plicity. The experimental results of the present 
paper, however, do not confirm the existence of 
two types of collisions. To the contrary, they in- 
dicate that events with different numbers of 
charged particles have the following like charac- 
teristics; 1) angular distribution of the recoil pro- 
tons (Fig. 4), 2) distribution of the transverse mo- 
menta of the recoil nucleons (Table III), 3) total 
number of produced mesons (r+ and 7°), which 
varies little on the average, at most by a factor of 
two. 

Thus, in contrast to the expectation, we observe 
no central collisions. Owing to methodological 
peculiarities, we could not identify protons at pg 
values from 1.5 to 2.7 Bev/c. It is easy to see 
from purely kinematic considerations that such 
protons (if their angle of emission is <= 20° in the 
laboratory system) should travel forward in the 
mN c.m.s. and can be classified as central colli- 
sions. It has been shown earlier that the number 
of such protons can be on the order of 10% of all 
the measured protons. Thus, only approximately 
10% of all the events could be classified as central 
collisions.* This yields an estimate of ~ 4 
x 107!4 cm for the upper limit of the radius of the 
core. 

An estimate of the dimensions of the region of 
aN interaction can be made with the aid of the un- 
certainty relation: + 


Ap? Ax? >h? / 4. 


or, in other variables, 


fore that one negative pion remains for the most 
part segregated, i.e., its momentum spectrum 
differs from the spectrum of the other produced 
mesons. 

The most iateresting conclusions follow from 
an analysis of the angular and momentum distribu- 
tions of the protons (Figs. 4 and 6 and Table III). 
Much work is done at present in the development 
of a nucleon model consisting of a dense central 
part (core) measuring ~ f/Mc = 0.2 x 10° em; 
surrounded by a meson shell,! and on the concepts 
of central and peripheral collisions associated 
with this model.2®> An important role in the peri- 
pheral interactions could be played by isobars in 
this case.’ The peripheral and central interactions 
could differ from each other in the experiments in 
having different multiplicity of the produced mesons 
and different angular and momentum distributions 
of the recoil nucleons. A higher inelasticity coeffi- 
cient would be expected in central collisions, owing 


Ap? Ar? > h. 
After substituting the values of Api we get 
Var > 4: LO 2G. 


In conclusion, let us summarize the principal 
results of the investigation. 

1. The angular distributions of the protons have 
a sharp asymmetry inthe mNc.m.s. The average 
proton momentum is 0.89 + 0.04 Bev/c; the aver- 
age transverse momentum is 0.37 + 0.04 Bev/c. 
All these characteristics are independent of the 
number of prongs in the star, within the limits of 
the indicated errors. 


*The authors of reference 19 indicate that a certain possi- 
bility remains of assuming all nucleon-nucleon collisions to be 
central. 

TA possibility of such an estimate was pointed out to us by 
D. I. Blokhintsev. 
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2. The asymmetry in the angular distribution 
of all the pions is 1.56 + 0.10. The pions of mo- 
mentum p > 0.5 Bev/c inthe 7N c.m.s. have a 
predominant forward direction. Their average 
momentum, equal to 0.87 + 0.06 Bev/c, coincides 
with the average proton momentum. The remain- 
ing pions are distributed almost isotropically in 
the tN c.m.s. It is shown that the number of pions 
changes little in stars with different numbers of 
prongs. 

The authors express their gratitude to the pro- 
ton synchrotron crew for help with the irradiation 
of the pellicle stack, and to the laboratory group 
for scanning and measurements. 

The authors thank D. I. Blokhintsev and V. I. 
Veksler for interesting discussions of the results 
and for useful advice. 


APPENDIX 


Let us estimate of the fraction of protons in the 
range of p§ values from 1.5 to 2.7 Bev/c. In the 
identification of the particles we found no protons 
with pB > 2.7 Bev/c. The energy spectrum of the 
m mesons in the laboratory system is reasonably 
interpolated in the momentum range 1.5 — 2.7 Bev/c, 
if all the particles that enter into this region are 
assumed to be pions. The angular distribution of 
these particles is found to be the same as for the 
identified pions. An estimate of the total number 
of protons, based on statistical theory, yielded 265 
particles, while the experiment produced 238 + 21. 
Finally, the unbalanced longitudinal momentum 
(in the c.m.s.), assuming that it is attributed to 
the nucleons, is merely 0.10 + 0.06 Bev/c per 
nucleon. 

Analyzing these facts, we can conclude that all 
the particles with p8 ranging from 1.5 to 2.7 Bev/c 
can be assumed to be pions, while the fraction of 
protons ‘‘lost’’ thereby amounts in this case to ap- 
proximately 10% of the total number of protons. 
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Experimental data on n-p scattering at 90, 380-400 and 630 Mev have been analyzed for the 
purpose of determining the pion-nucleon coupling constant, assuming that two poles exist in 
the real part of the n-p scattering amplitude. It is shown that within experimental error the 


available data do not disagree with f? = 0.08. 


A method for determining the pion-nucleon 
coupling constant f has been proposed by Chew.! 
His method is based on the hypothesis that close 
to the boundaries of the physical region the de- 
pendence of the differential cross section Tnp (3) 
on the scattering angle is determined to a consid- 
erable extent by those terms of op) (+) that have 
second-order poles for A? = —y? and A? = 4k? 
+ pw”, where A is the momentum transferred ina 
collision, yp is the pion rest mass, and k is the 
barycentric momentum. Near = 180° in this 
case the function opp (+) (4k? + p? — A?), which 
for the purpose of determining f must be con- 
tinued analytically into the unphysical region, 
would vary only slightly, and the analytic continua- 
tion might be quite exact even when the experimen- 
tal errors are relatively large. 

In reality, however, the product Tnp (3) x 
(4k? + p? — A?) is found to vary strongly in this 
angular region. f must therefore be determined 
either by using Onp (3%) in a very narrow angular 
interval close to 180°”? or by using very compli- 
cated expressions for the analytic continuation.* 
Rigid requirements are thus set up for the accu- 
racy of the experimental results. It may thus 
possibly result that when Chew’s method is applied 
to experimental data for opp(#) ina broad energy 
interval from 90 to 630 Mev’”” the result obtained 


for f2 will be somewhat smaller than the value 0.08, 


which is obtained from pion-proton scattering ex- 
periments. Yet we know that data on p-p scatter- 
ing at both high energies (300 Mev)° and low ener- 
gies® are in good agreement with f? = 0.08. 

It must also be pointed out that Chew’s method! 
will derive considerably different values of f? 
from data on forward scattering (0 =¥ =90°) and 


backward scattering (90° = # = 180°), respectively. 


This can easily be seen when opp (*) is obtained 
at 90 Mev.’ In this case we know that Onp (#) is 


Symmetric with respect to = 90° and that the 
residues in the scattering amplitude at the points 
A? =—p" and & = 4k? + py? differ by a factor of 2. 
It is apparently difficult to explain this difference 
in the values of f upon the basis of experimental 
errors alone. Approximately the same situation 
is observed at 630 Mev. 

We have therefore analyzed all known data on 
n-p scattering at 90, 380—400 and 630 Mev’ for 
the purpose of determining the pion-nucleon 
coupling constant while allowing for both poles in 
the real part of the n-p scattering amplitude (to 
the right and to the left of the physical-region 
boundaries ). 


METHOD OF TREATING EXPERIMENTAL 
RESULTS 


If we assume that the real part of the n-p 
scattering amplitude contains poles at A? = —p? 
and A’ = 4k’ + 12! the differential cross section 
onp (3) in this interval of A? will be represented 


by 
“ : 4 
np (9) = ay" | + ee | 
' a2 \ a3 ine r 
Fi Peemeises Oe oe ee | Dy ane", 
n=0 
Xo = ] a. Wee2Re. xX = COs , b ae p? / 2k, (1) 


where Qj, Q , M3, @n are undetermined coefficients. 
The series Layx" must converge rapidly since the 
remaining singularities of Opp (3%) are quite far 
from the interval of interest (—X) =X = Xo ).2 We 
note that Nmax in (1) does not agree with twice 

the maximum angular momentum (21,,,,). When 
the first three terms are expanded in powers of x 

it is easily seen that above 90 Mev the value of 


2lmax is several times larger than that of nmax.- 
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Equation (1) is easily derived by expanding 
Opp (7) ina Laurent series about x =+X). It 
should also be noted that a similar expression for 
Opp (7) is obtained by means of dispersion 
relations ape 

If it is assumed that about the points x = +X 
scattering is well represented by a one-meson 
Feynman diagram! (or more precisely by the 
pole member of this diagram) the coefficient a; 
can be represented in terms of f as follows: 


a,b? = m*[>/ 4k* (R* +|- m®), 


where m is the nucleon mass. 

Equation (1) has been used to approximate ex- 
perimental results at 90, 380 — 400,’ and 630 Mev. 
The coefficients a were determined by the method 
of least squares. We obtained the minimum of 


Dywelye — 9 (HA) P + [exp — 3el?, (2) 


2 


where ot is the calculated value of the total cross 
section, Jexp is the experimental value of the total 
cross section, yj represents experimental values 
of onp(*), o(xj) represents renormalized calcu- 
lated values of Onp (*) [o (xj) = Nkonp (4), Nk 

is one of the norms with which data from different 
experiments are presented]. 

It was necessary to introduce norms because 
Opp (+) is measured in relative units. When the 
norms Nx are treated as auxiliary parameters all 
expressions for errors in the standard least- 
squares procedure are automatically derived 
correctly .* 

The coefficient a, obtained by minimizing (2) 
will contain all experimental information regarding 
the magnitudes of the residues at the poles of the 
amplitude for x = +x, if no theoretical limitations 
are placed upon any of the coefficients a. If any 
such limitations were known they would have to be 
taken into account, with a corresponding complica- 
tion of (1). 

The following values of the total cross sections 
were used: 

Corp = (78 342)-10°? cm?, 
Sexp = (33 + 1.3)- 10-2? cm?, 
Sexp = (26 + 4.5)- 102? cm?, 


E,=90 Mev{[’]; 
E, = 380 — 400 MevI"]; 
En, = 630 Mev[?]. 


It was convenient to normalize the cross sec- 
tions in (2) in a way which made a, in (1) equal to 
f*. The system of equations for a was solved by 
successive approximations on an electronic com- 
puter. The number of coefficients a, in (1) was 
chosen to satisfy the Gaussian criterion in the best 
manner for positive aj. 


*It is assumed that the relative errors of the norms are 
small. 
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The coefficients were also calculated for the 
fixed value a, = f* = 0.0064 on the basis of consid- 
erations that are discussed below. 


RESULTS 


The values obtained for the coefficients are 
shown in Table I. The numbers enclosed in paren- 
theses show how strongly the given a coefficient 
is correlated with all others; the same applies to 
Table II]. These correlation factors indicate by 
what factor the dispersion of the given a coefficient 
is reduced if the values of all other coefficients are 
fixed.* Table II presents the norms of individual 
measurements. 

The values obtained for f? from experimental 
results at 90, 380 —400 and 630 Mev are 0.06 
+ 0.006, 0.065 + 0.07, and 0.044 + 0.012, respec- 
tively, which agree satisfactorily within experi- 
mental error. Unfortunately, appreciable experi- 
mental errors (especially in the last case) and 
the necessity for combining separate relative 
measurements are a great hindrance to the solu- 
tion of the problem. Since the a coefficients are 
strongly correlated among themselves, as the 
number of coefficients increases their correlations 
and errors rise sharply. Therefore in view of the 
existing level of experimental accuracy it is ex- 
tremely difficult to determine the highest power of 
x4 jn (1); at the same time the number of terms in 
Lanx" appreciably affects the magnitude of the 
first coefficient (a; = f*). The cause of values of 
f? differing from 0.08 may lie in these circum- 
stances. For the purpose of testing how well the 
experimental data under consideration satisfy re 
= 0.08, we determined ag, a3, and ay for the fixed 
value a, =f =6.4 x 10%. Tables III and IV contain 
the values thus obtained for the a coefficients to- 
gether with their correlation factors and norms; 
the corresponding curves are shown in the figure. 

The results show that the presently available 
experimental data on neutron-proton scattering at 
90, 380 — 400 and 630 Mev do not disagree, within 
the limits of error, with the value f* = 0.08 for 
the pion-nucleon coupling constant (for the coeffi- 
cients, WY Mecca S10, 

When aj, a), and a3 are compared with the other 
coefficients it is found that terms having a singu- 
larity at x = 4x9 make a very small contribution to 
the scattering cross section. Considerable in- 
crease of experimental accuracy would therefore 


*For example, if there are only two parameters with their 
correlation coefficient p equal to 95% the correlation factor 
is K = 1/(1 - p’) = 10. 
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TABLE I 
eee 
Energy E, Mev 90 [7] 380—400 [7] 630 [4] 
a-108= f*-108 3.5840.74 4,.16+0.83 A944 04 
: (1,4-108) (1.4-102) | (5.0-402) 
az-10 0,89+0,60 |—0.332+0.16 0.05+0.20 
; (3.20- 102) (6.5-10) (1-102) 
a3-10 —3.26+1,23 |—0.608+0.24 —0.174+0,2 
(5.3- 108) (6.3- 10?) (2,2-103) 
n=0 Grsveadies BOON 3T Se: ORL) 
(1.5-108) (1.6. 102) (3,2-402) 
n=1 —3,86+0.52 1,.29+0.18 442426 
" (8.3-102) (9.0) (6,5-10) 
—74 2.2944 44 OU EOR4a7 3 O01 .26 
Ae (2,8-10?) (35.0) (3.4-102) 
a,,- 10 =o —2,43+0.67 —3,80+1.64 
(46.0) (4,5-102) 
i 2.16£1.4 —}5.07+3,78 
(1.6-102) (2.0-103) 
io She lesa) 
(8.2-103) 4 
n=6 8) esa Od 
‘i 3-108 
[M/Mexpect]” 1520 135 oe 
TABLE II 
E, Mev 90 [7] 380—400 [7] 630 
Ny 1.008+0.027 (H3) * 0.993+40.040 (H4)| 1.028+0.190[?] 
Ne 0.974+0.028 (S6) 0.963+0.047 (D9)} 1.018+0.180[?] 
N3 1.057+0.033 (W2) 1,.017+0,186[?] 
Na 0.972+0,026 (S7) 
Ns 0.950+0,032 (F2) 


¥The expressions in parentheses correspond to the article by Hess.” 


TABLE III 
Energy E, Mev 90 [7] 380—400 [7] 630 [*] 
ay 109 =f. 103 6.4 (fixed) 
ay-108 —41.05+0.34 |—0,.592+0,135 | —0.065+0.345 | —0.37+0,20 
(100) (44) (296) (86) 
a3.103 —7.96+0,18 |—1 .22+0,06 —1,36+0.10 | —1.09+0,03 
(110) (27) (93) (38) 
n=0 11.23+0.34| 3.89+0,82 3.46+0.35 2.96 +0.22 
(100) (36) (145) (74) 
m=1  |—5,3440.31] 1.1420.17 0,840.52 1.03+0.37 
(30) (7.7) (76) (42) 
n=2 9,28+0.54| 3.98+0.48 4.334419 7.53+0.93 
(64) (38) (222) (151) 
a,,-108 n=3 3,15+£0,64 0.5441.6 —3,59+4.72 
: (39) (257) (405) 
n=4 4.82+0.10 2.7443,63 |—16-8743,14 
(86) 1020) 1147) 
n=5 —6.6542,85 2.36+2,76 
(487) (783) 
n=6 —0.2544.43 26,793.74 
(104) (1303) 
[M/Mexpect! ” 1.44 1.54 1,43 1.55 


be desirable for the purpose of testing the correct- which the errors for the two cases differ most 


ness of (1) for oy) (%) more rigorously. strongly are most important for the determination 
In order to discover for which angles more of f*. These regions are represented by the 
precise experimental data are most urgently dashed portions of the curves. 


It must be noted that the portion of the differ- 
ential cross section which does not contain singu- 
larities at x = +X) is well represented by a rela- 


needed, we compared errors for the cases in 
which a; was, and was not, included among the 
variable parameters. The angular regions in 
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TABLE IV 
E, Mev 90 [7] | 380—400 [7] 630 
Ny 1 .000+0,026 (H3)* 0.963+0.036 ** (4) 0.850+0.080 [?] 
0.984+0.040 *** . ‘ 
No 0.961+0.027 (S6) ().935=0.043 ** (D9) 0.921=0.064 [?] 
; O950=0).045 45" 
N3 {,016+0.031 (W2) 0.913+0.0476 [3] 
N4 0.961=0.025 (S7) 
N; 0,930+0.030 (F2) 


*The expressions in parentheses correspond to the article by Hess.’ 


**Expansion to x*. 
***E xpansion to x’. 


20 40 60 60 100 120 140 


tively small number of Legendre polynomials. We 
believe that this may facilitate the phase analysis 
of n-p scattering. 

The authors are indebted to Prot. Ya. A. 
Smorodinskii and Prof. B. M. Pontecorvo for an 
interesting discussion of the results, and to I. N. 
Kukhtina for assistance. 
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Differential cross sections (in units 
of 10-*’ cm?/sr) as a function of the scat- 
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er experimental accuracy is desirable be- 
fore f can be determined more precisely. 
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ihe quadrupole moments of Ba!®® and Ba!” nuclei are determined on the basis of the devia- 
tions from the spacing rule of the hyperfine structure of the Ba!®” spectrum. The absolute 
magnitude of the moments cannot be interpreted in terms of the simple shell model. 


Ay experimental determination of the quadrupole lines Bal A = 4599.7A and A = 4573.9 A, are listed 
moments of the barium nuclei (Ba‘®° and Ba'8’) is in the table.* 


of interest, in our opinion, in ascertaining the ex- 
tent to which the properties of these nuclei are 
accurately described by the simple shell model. 

An investigation of the hfs of the Bal spectrum 
was made using separated highly-enriched barium 
isotopes (Ba®° — 89.2%, Ba!8? — 78.8%). To de- 
termine the quadrupole moments, the deviations 
from the spacing rule of the hfs were investigated 
for the term (6s6p)°P, of Bal, which, as shown 
by our preliminary estimates, should display a 
considerable splitting and a high constant of quad- 
rupole interaction. To determine the structure of 
the 3p, term, a photoelectric spectrometer with a 
Fabry-Perot interferometer! was used to in- 
vestigate the hfs of two spectral line of Bal, A 
= 4599.7A (6p? ‘Ss, — 6°P,) and A = 4573.9A 
(6p?°P, _ 6°P,), whose upper levels are not split. 
The large aperture ratio of our apparatus” enabled 
us to investigate the hfs of these relatively weak 
lines, whereas earlier investigations? * concerned 
the strong resonance lines in the spectra of Bal 
and Ball, the structures of which do not yield 
ready data for the determination of the quadrupole 
moments of Ba!®® and Ba!%", 

We know®” that both barium isotopes have a 
spin I = / and that the structure of the 3P, term 
(which coincides with the structure of the investi- 
gated spectral lines) is characterized by two inde- 
pendent hfs intervals, the magnitudes of which are 
directly related to the values of the constants A 
and B — the spacing factors of the magnetic dipole 
and electric quadrupole interaction of the nucleus 
with the electron shell: 
Wr=Ws,+4,AC+ BIC (C+ 1)—*/,f0 +1) JU + 1)], 

C=FFEN—frE)—JU + 1), P= sr fe */s 

The results of the experimental determination 
of the hfs intervals and of the constants A and B, 
obtained by averaging 20 measurements of hfs 


Intervals 
and hfs Bats5 Bats? 
constants, 
107-3 cm 
Ws,—Wys,, 83.6+0,6 93.4+0.4 
We,—Ws), 37.4+0.7 AS52027 
A 34,0+0.2 Slal=Oe2 
B 0.15+0 07 —0,11+0.06 


The ratio of the magnetic moments pee ek 


= A'87/,A135 — 1.11, obtained directly from the ex- 
perimental data, is in good agreement with the 
value 1.1187 determined by the paramagnetic res- 
onance method,’ thus demonstrating the correct- 
ness of the spacing factors obtained by us. 

To calculate the absolute values of the quadru- 
pole moments of Ba!3> and Ba!3’, we used an ap- 
proximate quantum-mechanical calculation. The 
state (6s6p)°P,, for an intermediate coupling be- 
tween the outer electrons, is described by the 
wave function 


Y= cp (fo, 3/e)sa1 + Co Po (*/2, lalpans 


where 4; (j1, jo), with i = 1 and 2, is the wave 

function of the (sp) configuration in the case of 

pure jj coupling. The coupling constants c;, and 

C) were determined by the Wolfe method® (c, 

= 0.500, cy = 0.866). The spacing factor B is de- 

termined in this case by the following formula 

(see reference 7) 

ye 3Q [2 RY (Z;)—2c1 co V2S, (Z,)] Ov 
81 (2/—1) J (2J—1) maz Ra 15Z; H (/Z;) 


=—0.573Q10* cm 


*We indicate everywhere the mean arithmetic error of a 
single spacing measurement. 
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where ay is the Bohr radius, R is Rydberg’s 
constant, a is the fine-structure constant, Q is 
the electric quadrupole moment of the nucleus in 
units of 107°4 cm’, Z; is the effective charge (for 
the 6p electron in Ba we have Zj = 50); Ry, Sy 
and H are the relativistic corrections, and 6v is 
a part of the fine splitting between 6°P) and 6°P», 
corresponding to the spin-orbit interaction of the 


p electron with allowance for the Wolfe correction. 


From the values of the constants B listed in 
the table we obtain the following values for the 


quadrupole moments of the odd isotopes of barium: 


Q (Bal) = (0.25 + 0,12) 10-cem?, 
Q (Bal8) = (0.2 £0.1) 10-24em? 


According to the universally accepted classifi- 
cation of the shell model,’ the ground state of the 
Ba!®° nucleus is 2d3 2, while that of Ba!" is 
(2d32)°. The result which we have established 
(Q> 0 for both isotopes) merely indicates that 
both Ba?” and Ba!®° have a hole at the neutron 
level 2d3,2. Consequently, one must assign to the 
ground state of Ba’ either the configuration 
(3s1p) (1hy2)" (2d3 72 )>, or the configuration 
(3s;p)° (1hyy2)" (2d3/2)°. It is interesting to 
note that Xe! | the ground state of which has a 
configuration (381p)° (hii) 2d3 7, has a nega- 
tive quadrupole moment. 

The absolute magnitude of the quadrupole 
moment of the odd isotopes of barium cannot be 
interpreted in terms of the simple shell model. 


since according to the estimate that follows from 
this theory, even an odd proton nucleus with A 

= 135 and a ground state d3,. would have a lower 
value of Q than the quadrupole moment which we 
have obtained for Ba’®®. 

The authors are grateful to V. S. Zolotarev for 
providing the separated isotopes, to L. K. Peker 
for discussing the results, and V. A. Strugach for 
carrying out many calculations. 
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It is shown that in pp and pn interactions the angular and momentum distributions of second- 
ary protons and pions vary little with the number of charged particles. 


A study of inelastic nucleon-nucleon interactions 
at high energies can apparently yield certain in- 
formation on the structure of the nucleon. Previ- 
ously obtained results! have indicated a sharp ani- 
sotropy of the angular distribution of the secondary 
nucleons in the c.m.s., and a lower limit has been 
established for the fraction of the energy consumed 
in the production of the pions. However, only the 
slow particles have been identified and their ener- 
gies measured. We therefore thought it advisable 
to continue work on the study of pp and pn inter- 
actions under conditions in which measurements 
could be made of the multiple scattering of fast 
particles. 

1. A stack made up of type ‘‘R’’ NIKFI pellicles 
was exposed to the internal 9-Bev proton beam of 
the proton synchrotron of the Joint Institute for 
Nuclear Research. The scanning was along the 
tracks of the primary protons by two methods, 
normal and accelerated.’ A total of 944 m of 
track was scanned and 2647 nuclear interactions 
and scatterings by angles 6 = 5° were found. The 
inelastic pp and pn interactions were selected in 
accordance with the criteria described earlier.! 
We selected 161 pp interactions and 94 pn inter- 
actions. The following distribution by the number 
of charged particles agrees with the earlier data.! 


pp interactions: 


Number of prongs I 4 


Number of inter- 
actions, % 46.6+5.4 44.7+5.3 8.14+2.2 0.62+40.62 


pn interactions: 


Number of prongs 1 3 


Number of inter- 


actions, % Cy beeen) ie Wear (con CN Sete bys 745) Wea BS) 


The average number of charged particles in the 
pp and pn interactions is 3.25 + 0.10 and 2.58 
+ 0.14, respectively. 


Table I 
E, CoMe8e ore Eq Come8s| 5) 2 
Mev pc.m.S& Mev |" CoM.Se 
1 1520+45| 22+2 | 426+30 38+3 
2 — — 442+ 23 38+2 
3 1360445 | 3743 = as 


2. To identify the fast particles, we measured 
the multiple scattering and the density of the 
clusters g on secondary tracks with a dip angle 
y = 3°. In determining the values of pf, account 
was taken of the effect of false scattering, which 
was calculated from measurements on tracks of 
primary protons in each layer. The false scatter- 
ing did not make it possible to measure values of 
pg higher than 6 Bev/c. The particles were iden- 
tified by curves of g/g) vs. p@ for pions and pro- 
tons, plotted after Barkas and Young.® The data 
of reference 3 were verified by measuring the den- 
sity of clusters on tracks of 9- and 3-Bev protons 
in the same emulsions. The emulsions were ex- 
posed to protons of these energies practically 
simultaneously. The results obtained agree with 
the data given in reference 3 within approximately 
2%. 

It must be noted that in the region where the 
‘‘oroton’’ and ‘‘pion’’ curves intersect (1.5 = pp 
= 2.5 Bev/c), the identification is not unique.* 
Assuming that the particles corresponding to 
the intersection region are pions, their angular 
and energy distributions in the c.m.s. coincide 
with the same distributions for reliably identified 
pions. If these particles are assumed to be pro- 
tons, their angular and energy distributions differ 
greatly from the distributions of reliably identified 
protons. 


*The dimensions of this region are chosen in accordance 
with the magnitude of the errors in the determination of p B 


and g/g,. 
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FIG. 1. Angular distribution of the protons in the c.m.s., for 
pp interactions. 


By way of illustration we present Table I, where 
line 1 shows the average energies and emission 
angles for reliably identified particles; line 2 in- 
cludes the particles from the region of intersection 
of the curves, under the assumption that they are 
pions; the figures in line 3 are under the assump- 
tion that the particles are protons. 

In addition, the number of particles that enter 
into the intersection region increases greatly with 
the multiplicity. These facts make it quite reason- 
able to assume that most particles from the inter- 
section region are pions. All further distributions 
are therefore given under this assumption. 

3. An angular distribution was plotted in the 
c.m.s. (Fig. 1) for the secondary protons from 
the pp interactions, and was found to be highly 
anisotropic. The angular distribution of the pions, 
shown in Fig. 2, is also anisotropic (see also ref- 
erence 4), but is much broader than the proton dis- 
tribution. 


FIG. 2. Angular 
distribution of pions in 
the c.m.s., for pp inter 
actions. 
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The c.m.s. momentum distributions of the pro- 
tons emitted only in the backward hemisphere is 
shown in Fig. 3. The point is that the particles 
emitted in the forward hemisphere include protons, 
for which only the lower limit of pB was deter- 
mined, owing to the influence of false scattering. 
The average value of the proton energy in the 
c.m.s. and the average of the transverse momentum 
are respectively Ep (c.m.s.) = 1520 + 45 Mev and 
Pj = 372 + 25 Mev/c. The coefficient of inelastic- 
ity K and the fraction of the energy going to pion 
production in the laboratory system (l.s.) are 
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FIG. 3. Momentum distribu- 2 
tion of protons emitted in the 
backward hemisphere, in the 
c.m.S. 
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K = 0.55 + 0.03 and Eq (],s,)/Eo = 0.39 + 0.02. The 
average number of protons per interaction is Ny 

= 1.24 + 0.28, and the average number of charged 
pions (n7) oh = 2-01 + 0.31. Assuming that the 
number of neutral pions is half the number of 
charged pions, we can estimate the average num- 
ber of all the pions per interaction: n, = 1.5 (N7)ch 
= 3.02 + 0.46. From these data we readily obtain 
the average energy per meson in the c.m.s., 

Ez (c.m.s.) = 4.75 + 78 Mev. The average c.m.s. 
pion energy measured directly for particles in the 
backward hemisphere is 432 + 32 Mev. 

Among the particles emitted in the forward 
hemisphere, there are pions for which only the 
lower limit of pS was determined. Therefore, in 
calculating the average energy for pions emitted 
in the forward and backward hemispheres, we de- 
termined the lower and upper limits: 442 + 23 Mev 
= Ez (c.m.s.) = 490 + 30 Mev. The upper limit of 
E7(c.m.s.) was obtained under the assumption that 
the pions for which the lower limit of pB was de- 
termined had the maximum energy possible for the 
given multiplicity. The transverse momentum of 
the pions was found to be 232 + 18 Mev/c = py, 
= 259 + 20 Mev/c. 

The c.m.s. angular distribution for pn inter- 
actions is shown in Fig. 4. The insufficient statis- 
tics do not allow us to draw any definite conclu- 
sions concerning the asymmetry of the protons. 
The average proton energy in pn interactions is 
1480 + 100 Mev and does not differ from the aver- 
age proton energy in pp interactions. 

4. A very important question is that of the vari- 
ation of the angular and energy distribution of the 
nucleons with the multiplicity. Starting from the 
existence of two types of collisions — ‘‘peripheral’’ 
and ‘‘central’’ — one would expect a broader angu- 
lar distribution at higher multiplicity (see, for ex- 


FIG, 4. Angular 
distribution of pro- 
tons in the c.ms., 
for pn interactions. 
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Table II 
| Povana.? Mev/c | Py» Mev/c | eraree 
| 
| 
a | 2-4 a7 ay, 57 Dede | tual 
rotons 1152+90 | 1028480 | 365435 | 349435 | 2342 | 2146 
Pions | 329+30 1 3702501 244218 | 175420 | 3922 | Yess 


ample, reference 5). To increase the statistical 
accuracy, we shall consider later on combined 
data on pp and pn interaction, since the angular 
and energy characteristics of the nucleons are ap- 
parently the same in these interactions. Table II 
lists the average values of the momentum, the 
transverse momentum, and c.m.s. angle of emis- 
sion of protons and pions for low (n= 2, 3, 4) and 
high (n= 5, 6, 7) multiplicities. 

The data given indicate that the angular and mo- 
mentum distributions vary weakly with the multi- 
plicity. Analogous results were obtained in refer- 
ence 6, devoted to study of mp and mn interactions. 


Table III 
| a, Mev/c 
Multiplicity ae | eG] 
Protons 296 257 
Pions 198 140 


The quantity w= p2/2 characterizes the trans- 
verse dimensions of thé interaction 
III gives the values of a for protons and pions at 
different multiplicities. It is seen from this table 
that a depends little on the multiplicity. 

The totality of the given experimental data shows 
apparently that the character of the interaction 
changes little with increasing number of secondary 
charged particles. If we start with the assumed 
existence of two types of interaction, ‘‘peripheral’’ 
and ‘‘central,’’ then we must conclude that the 
bulk of the experimental material pertains only to 
one of these interactions. We can assume, for 
example, that in ‘‘central’’ collisions the angular 
distribution of the nucleons should be close to iso- 
tropic. In this case we can tentatively associate 
the 7- and 8-prong stars with ‘‘central’’ collisions, 
since nothing has been found in the present investi- 
gation concerning their properties, owing to the 
scanty statistics. This enables us to estimate the 


upper limit of the dimensions of the proposed 
**core,’’ which does not exceed 0.1 or 0.2 of the 
radius of the nucleon. 

On the other hand, one cannot exclude! the pos- 
sibility the ‘‘peripheral’’ collisions are very rare. 
In this case the overwhelming majority of the ex- 
perimentally observed interactions should be clas- 
sified as ‘‘central,’’ but characterized by an aniso- 
tropic distribution of the secondary particles. 

The authors thank the accelerator crew for help 
in irradiating the pellicle stack, and to the labora- 
tory staff for scanning and participating in the 
measurements. The authors are also grateful to 
D. I. Blokhintsev and V. I. Veksler for participat- 
ing in discussions. 
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ANOMALIES IN THE TEMPERATURE DEPENDENCE OF THE COERCIVE FORCE 
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Anomalous maxima of the coercive force have been found in the region of the compensation 
point in rare earth garnet ferrites. In polycrystalline ferrites the height and breadth of 
these maxima depend on the specimen density and, in addition, a doubling of the peaks is 
observed. There are also anomalous maxima in single crystal specimens, but they are 
narrower than in polycrystalline specimens. A qualitative explanation of the observed phe- 
nomena is given. It is suggested that the strong broadening of the ferromagnetic resonance 
absorption lines in ferrites, previously observed, on approaching the compensation point is 
due to a cause related to that underlying the anomalous increase in coercive force near 
this point. 


il. It was shown by Pauthenet! that most rare earth 
element garnet ferrites (3M,O3 - 5Fe,O3;, where 

M = Gd, Dy, Ho, etc.) have so-called compensation 
points @,, at which the resultant spontaneous mag- 
netization changes sign. It is of interest to study 
the magnetic properties of these ferrites in the 
neighborhood of @,. In this paper we want to dis- 
cuss further the anomalies in the temperature de- 
pendence of the coercive force Hg near ©, in 
garnet ferrites, the discovery of which we com- 
municated earlier.” 


p,0e 
700 
50 
<0 80 00 30 100 TT 
=n = 7 aT FIG. 2. The temperature dependence of coercive force for 
; polycrystalline gadolinium ferrites with densities: o — 3.15 
FIG. 1. The temperature dependence of coercive force for g/cm* and x — 5.9 g/cm’. 


the polycrystalline ferrite 3Gd,0, - 5Fe,O, in the neighborhood 

of 0, = + 12°C (density 5.9 g/cm”). in sign of the remanent magnetization) Hg falls 

2. Figure 1 shows the results of measurement rapidly, resulting in a double maximum in the co- 
of the temperature dependence of Hg, for the poly- ercive force ona Ha(T) curve. The sharp de- 
crystalline ferrite 3Gd,03; - 5Fe,O3 in the region of crease in Hg at @, itself can be explained by the 
@,. It can be seen that there is a sharpincrease in fact that at ©, the resultant spontaneous magne- 
He on approaching ©,. Although at temperatures tization I, tends to zero, so that all signs of ferro- 
far from ©, the values of Hg are small, they magnetic magnetization must disappear here, in 
reach hundreds of oersteds near @,. In the imme- __ particular magnetic hysteresis phenomena 

diate region of ©, itself (determined by the change (He 0). There is nearly always incomplete 
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=100 =50 0 50TC 
FIG. 3. The effect of quenching on the temperature depend- 
ence of coercive force in the ferrite 3Gd,0,-5Fe,0,. o —orig- 
inal state, x — quenching from 1100°C in a current of air, 
A — heating at 1000°C for 4 hours. 


compensation of the magnetic moments of the sub- 
lattices? because of structural defects, so that 
there are remains of ferromagnetic magnetization 
at @,, and H, does not become exactly zero (see 
Figs. 1, 2, and 3). 

Bol’shova and Elkina® did not find a double max- 
imum of Hg in lithium chromite ferrite near @ . 
This is evidently related to the incomplete com- 
pensation, which reaches a considerable magni- 
tude in these ferrites. As a result, magnetic hys- 
teresis phenomena are always great at ©, and it 
is not possible to observe a doubling of the maxi- 
mum ina H,(T) plot. 

3. In order to determine how the appearance of 
the anomalous increase in Hg near ©, is con- 
nected with the crystallinity of the specimens, 
gadolinium ferrite specimens with garnet struc- 
ture of different density were prepared from ma- 
terial of identical purity. The Hg(T) curves for 
two specimens of this ferrite with density 3.15 
and 5.9 g/em? are shown in Fig. 2. It can be seen 
that the form of the anomaly is preserved. The 
magnitude of the anomaly decreases as the dens- 
ity of the specimen increases, while the tempera- 
ture interval over which the anomalous growth of 
He is observed narrows considerably. We also 
examined the effect of heat treatment (quenching 
from 1100°C ina current of air and heating at 
1000°C for 4 hours) on the form of the anomaly 
in Hg. It can be seen from Fig. 3 that the magni- 
tude of the anomaly is altered, but not as much as 
by a change in density. We see then that the struc- 
tural properties of polycrystalline (ceramic) 
specimens influences the size of the anomaly in 
He near x. 
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FIG. 4. The temperature dependence of coercive force for 
single crystal specimens of garnet ferrites: 1— 3Gd,0, - 5Fe,0,; 
2 — 3Ho, 0, - SFe,O,; 3— 3Er,0,- 5Fe,0, (compensation tempera- 
tures respectively + 16; — 136; ~— 195°C). 

The question then arises whether the existence 
of this anomaly is only related to the polycrystal- 
line state of the ferrite. For a direct answer it 
would be best to measure the temperature depend- 
ence of H, for single crystal specimens of gado- 
lium ferrite. We did not have sufficiently large 
single crystals of garnet ferrites for measuring 
H,-. However, we had 10—12 small crystals 
(from one batch) which could be fitted into a 
tube, thereby increasing the volume of crystalline 
specimens.* The measured curves of He(T) for 
crystalline specimens of Gd, Ho and Er garnet 
ferrites are given in Fig. 4. It can be seen that 
there is a sharp increase in Hg on approaching 
@,. Due to the specimens being single crystals, 
the temperature range of the anomalous increase 
in He is greatly narrowed in comparison with 
that in polycrystalline specimens; in the latter 
it is always spread over a more or less wide 
temperature interval. It is probably for this rea- 
son that it is difficult to observe a doubling of the 
maxima of H, in single crystal specimens. 

4. On approaching ©, a ferrite takes on more 
and more the properties of weakly ferromagnetic 
material. The magnetization curves have a very 
steep appearance and the magnetic hysteresis loop 
broadens considerably; technical magnetization is 
produced mainly by rotation of the spontaneous 
magnetization vector, whereas far from ®, move- 
ment of domain boundaries is the main factor. To 
explain these forms of magnetization curves and 
hysteresis loops in ferrite crystals near @,, we 
must either assume that the crystallographic mag- 
netic anisotropy constant rapidly increases near 
©, or, if this is ruled out, that a ferrite crystal in 
the vegion of ©, exists as if in a single-domain 

*We are grateful to V. A. Timofeeva for providing the garmet 
ferrite single crystals for our experiments. 
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condition (i.e., there is no clear-cut domain struc- 
ture in the crystal since, because of the small re- 
sultant spontaneous magnetization, the energy of 
the internal demagnetizing field is extremely 
small). Smith, Overmeyer, and Calhoun,’ have 
shown, on the basis of measurements of ferromag- 
netic resonance in gadolinium garnet ferrite crys- 
tals, that the magnitude of the magnetic anisotropy 
constant does not change greatly near ©, (accord- 
ing to these authors it even decreases slightly ). 
We must therefore ascribe the increase in the in- 
fluence of rotation processes near ©, to the single- 
domain state of the ferrite crystal in this tem- 
perature region. 

We can understand the increase in Hg on ap- 
proaching @, if we use the relation which applies 
to a single-domain crystal: 


H,~K/Is, 


where K is the magnetic anisotropy constant and 
I, is the resultant spontaneous magnetization. 
Since K hardly changes on approaching @, while 
Ig decreases rapidly, we must observe a rapid in- 
crease in Hg. All these considerations apply to a 
ferrite in single crystal form. When we go over to 
polycrystalline specimens we must take into ac- 
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count the additional influence on the rotation proc- 
esses of various non-uniformities in the specimen, 
mechanical stresses, etc. These hinder the re- 
magnetization processes and consequently lead to 
an increase in Hg, as is found experimentally. 

We should note in conclusion that Smith et al.4 
found a sharp rise in magnetic losses at very high 
frequencies on approaching ©, (a broadening of 
the ferromagnetic resonance absorption line ). 
This occurs both for single crystal and for poly- 
crystalline ferrite specimens. In our view the 
cause of this phenomenon is related to the anom- 
alous increase in coercive force near the compen- 
sation point. 


1R. Pauthenet, Compt. rend. 242, 1859 (1956); 
243, 1499 (1956); 243, 1737 (1956). 

2k. P. Belov and A. V. Ped’ko, Proceedings of 
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3K. M. Bol’shova and T. A. Elkina, Moscow 
State University Bulletin 4, 85 (1959). 
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A statistical method is proposed for reducing the data on the azimuthal distribution of par- 
ticles in low-multiplicity meson showers. It is shown that an azimuthal effect appears in 
showers produced by cosmic rays, but not in showers produced by 9-Bev protons. 


lig The non-uniformity of the azimuth-angle distri- 
bution of the particles of meson showers produced 
by cosmic-ray particles was demonstrated in an 
earlier experiment carried out in our laboratory.!*” 
Such an effect was predicted already long ago by 
one of the models of multiple meson production 
with the participation of excited nucleons.°#4 

In the present article we describe a statistical 
method of analysis of a large number of low-multi- 
plicity showers, as well as an attempt to find pos- 
sible deviations from a uniform azimuthal distribu- 
tion for meson showers produced in an emulsion 
stack irradiated by the internal beam of the proton 
synchrotron of the Joint Institute for Nuclear Re- 
search. 

2. Let us assume that the secondary particles 
are concentrated around a certain singled-out plane 
at least in part of the showers. Statistical fluctua- 
tions prevent the detection of such an effect ina 
single low-multiplicity shower. If we construct a 
compound shower out of many single ones, then 
the random distribution of individual planes in the 
space will lead to a perfectly random distribution 
of the azimuth angles, and thus will not provide us 
with the opportunity of detecting the azimuthal ef- 
fect, even if it exists. 

In order to detect such an effect, it is, in princi- 
ple, necessary to make all the singled-out planes 
coincide. 

The best approximation of such a coincidence 
can, in practice, be attained if one turns all the 
‘impact diagrams’’ of the showers in such a way 
that the average values of # of the azimuth angles 
coincide for all showers. 

If the initial distribution of the angles 7% is uni- 
form, and if all the showers possesss a high mul- 
tiplicity, then the average value of is well de- 
fined, and consequently, the distribution of the azi- 


muth angles of the composite shower will conserve 
its uniformity. For a low multiplicity, even for a 
uniform distribution of ~, the distribution of the 
angles 6=y~-—wW will showa tendency to concen- 
trate around 6 = 0. 

This apparent non-uniformity (which we shall 
denote in the following by the term ‘‘natural’’) 
can be calculated in the following manner: 

According to our initial assumption, the ran- 
dom variable ~ is distributed uniformly in the 
angle interval (0, 7). 

Let us now consider the set of N measured 
values 7%, %), ... Py for a given shower. In order 
to construct the composite shower, it is necessary 
to collect the deviations of the values 7%, from the 
average value ~ in each shower. Thus, we are 
interested in the distribution of the quantities. 

= 


ae 
Pia) ND . (1) 


This can be done by means of the generating 
function 


1 1 


= \ ae (exp (s|x— 57 D|)dn.- dew 


0 0 


(2) 


where 
Lp = pz / wt. 


Integrating (2), we obtain 


oN es/N __ 4 N-1 
= —— }|(—_, — —1). 
Sls Faraare [Gores | 
The mathematical expectation of 6 is given by 


_the expression 
<6) = [(0 1nG / Os)s—ol'# = %(3N— 2) /12N 


(3) 


(4) 
for a standard deviation 


5 = [(0?InG/As*),—o] * = 1 V 3N* — 4/12N. (5) 
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Nene eee eee ee ee eee ee aan EEE 
Average z te ad 
Number Shower type Bgee 8 € Rare 
4 9 Bev, all showers 54 40.0+0.5 SOR 3384 
2 H events ~6 44.5+0.8 40,0 et 
3 L events N24 ~H 40.1+0.6 39.4 2035 
4 ” Nes 3 37 6243 35.0 348 
5 N>4 
: i 9>30° a 39.6+0.9 39.4 797 
6 N>4 
iB §6<30° ~d 40.5+0.5 Boa 4238 
if H-+L, N>S4 a 
si log cot §>0,4 ~d 44 ,8+2.9 aye) al 283 
8 1k = 
= cosec §>30° ~5 39.6+1,8 39.4 210 
9 ‘“‘Random’’ showers 5 40.0+2.1 39.4 ee 
40 Showers produced by ~11 34.441.6 42,3 23 
chargéd cosmic-ray 
ticl 
44 imandon?” showers V4) AA oee Zo 42.3 432 


For N >1, <6> and og tend towards the limits 


(8)eg = 0 [| 4 45°, ont m= 26°; (6) 
For a small shower, e.g., for N = 3, 
KOya 00> Pe (7) 


Thus, a comparison of the detected and expected 
values of 6 (or oa) enables us to decide whether, 
in the given set of showers, there exists any devia- 
tion from uniformity greater than the natural one. 
Of course, similar arguments remain valid even 
for higher moments, e.g., for 6°. 

3. In order to check whether the effect detected 
by us!,” also exists in showers of lower energies, 
we investigated the azimuthal distribution of 666 
meson showers with multiplicity of relativistic 
traces N = 3 produced by 9-Bev protons in a 
stack of 450 uw NIKFI-R emulsions. Details of the 
irradiation and scanning can be found in an earlier 
article® dealing with the distribution of longitu- 
dinal angles @. Since then, ~ 400 additional show- 
ers on light nuclei were measured, so that the L 
events* constitute the majority of showers de- 
scribed here. 

Both plane angles with respect to the incident 
proton and the angles with the plane of the emul- 
sion were measured for all the tracks (J =1.5 x 
Jplateau ) Of relativistic particles emitted into the 
forward hemisphere. From these angles, the lati- 
tude @ and azimuth w~ with respect to the normal 
to the emulsion plane were calculated using nomo- 
grams with a total accuracy of 1 and 2° respec- 
tively. 

In order to check the absence of any possible 
bias in the selection of relativistic tracks, the 
angles ~ were divided among four quadrants, and 
the uniformity of their distribution was checked by 


*L events were defined in reference 5. 


the Pearson y’* test. An agreement with a uniform 
distribution was obtained at the probability level 
P ~ 35%. 

The average value of ~ and deviation 6 was 
calculated for each shower according to Eq. (1). 
Afterwards, the average 6 was calculated and 
compared with the mathematical expectation <6> 
calculated according to Eq. (4), and weighted 
taking the observed multiplicity distribution into 
account. 

The result is shown in the first row of the 
table. It can be seen that there is no disagree- 
ment with ‘‘natural’’ non-uniformity within the 
limits of statistical error. 

All data were then divided into the following 
groups: a) H events (Np = 7) and L events 
(Np = 4), b) L events with small (ng = 3) and 
large (ng = 4) multiplicity, c) events with small 
(= cosec 6 > 30°) and large inelasticity,® d) col- 
lisions between nucleon and a tunnel, and nucleon- 
nucleon collisions, ° e) wide (6 =30°) and narrow 
(6 = 30°) cone. 

As can be seen from the table, the results ob- 
tained remain unchanged. 

Consequently, we must conclude that, at least 
with the statistics available, it is impossible to 
detect any azimuthal effect in showers produced by 
9-Bev protons. 

Using the same method (i.e., by comparing 6 
and <6—, we analyzed the cosmic-ray showers 
described in our earlier article.! It should be men- 
tioned that, because of the great multiplicity of 
these showers, the expected natural non-uniformity 
is smaller than in the case of 9-Bev showers, and 
it is therefore difficult to detect it. Nevertheless, 
in cosmic rays, the observed concentration of 
angles around 6 = 0 is markedly greater than the 
natural concentration. The value of 6 in the 10th 
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FIG. 1. Comparison of the 
integral angular distribution 
for random showers produced 
by 9-Bev protons (dashed line) 
with the experiment (solid 
line). 
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row of the table deviates from its mathematical 
expected value by more than four standard devia- 
tions. Thus, our earlier conclusion!? about a con- 
siderable non-uniformity in cosmic-ray showers is 
confirmed. 

As is well known, the first moment of (6) pro- 
vides only limited information on the form of distri- 
bution of 6. For a full comparison of the detected 
and expected distributions, it would still be neces- 
sary to compare several moments of higher order, 
or to carry out an inverse Laplace transformation 
of Eq. (3) to obtain the distribution function 6 in 
an explicit form. 

Instead of these difficult calculations, we have 
constructed a set of random showers with origin- 
ally uniform azimuthal distribution, and calcu- 
lated the fluctuations by the Monte-Carlo method. 

A comparison of the integral angular distribu- 
tion of these random showers with experiment at 
9 Bev is shown in Fig. 1. The arrow indicates the 
one-percent ‘‘limit of confidence’’ according to 
the Kolmogorov-Smirnov criterion. As can be 
seen, the corresponding statistical spread is 
greater than the greatest difference between those 
two distributions, and, moreover, one can con- 
clude about an agreement at the 95% level. 

On the other hand, the same test was applied to 
cosmic-ray showers studied in reference 1 (Fig. 
2). Even for comparatively poor statistics of 
showers obtained by the Monte-Carlo method 
(132 tracks), the hypothesis of an agreement with 
uniform distribution can be contradicted at the 
0.07 level.* 

*The agreement of the random showers with the natural non- 
uniformity was tested using the values of 6 given in the table. 
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FIG. 2. Same as for Fig. 1 
for showers produced by cos- 
mic rays. 
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It is difficult to explain so sharp a difference 
in behavior between cosmic-ray and 9-Bev pro- 
ton showers, since their average energies are not 
very greatly different. Moreover, the various other 
characteristics of showers (anisotropy of latitude 
angles in the c.m.s., inelasticity, etc.) in the same 
energy range vary only little or not at all. 

Further investigations of the effect are being 
carried out in our laboratory. 

The author is greatly indebted to the Joint In- 
stitute for Nuclear Research for supplying the ir- 
radiated plates and expresses his gratitude to 
Prof. M. 1. Danysz for helpful comments, to V. 
Dumitrescu for help in carrying out the measure- 
ments, and to M. Georghiu and M. Ionice for help 
in reducing the angular data. 
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The production of monoenergetic positrons may occur in the de-excitation of the 1531-kev 
excited state of Sm?, which is formed in the decay of Eu’, Our measurements show that 
the probability for this process is less than 10-° positron per decay. According to the cal- 
culations of L.A. Sliv, this yields for the 1531-kev excited state of Sm!2 a lifetime exceed- 
ing 107!“ sec, which points to the collective character of this level. 


‘Tae calculations by Sliv' have shown that if the 
nucleus is in a state with excitation energy greater 
than 2mc? and the electron shell is short one elec- 
tron, then production of an electron-plus-positron 
pair is possible upon transition of the nucleus from 
the excited state to the ground state, wherein the 
electron occupies the free space in the atomic 
shell, and the positron is the only particle emitted 
by the nucleus. Therefore all the positrons pro- 


duced in such a process are monoenergetic. The 
equation of such positrons is 
ER E, —2mc + Ey, (1) 


where Ey is the transition energy and Egp is the 
binding energy of the electron on the shell with the 
vacancy. 

The probability of production of monoenergetic 
positrons is given by the relation 


Wm = Wp wT, /T, (2) 


where wp is the probability of production of a 
pair with a monoenergetic positron, wj is the 
probability of an unfilled level in the electron shell 
of the excited nucleus, I, is the width of the 
atomic level, and ry the width of the excited level 
of the nucleus. 

It is seen from (2) that the lifetimes of nuclei 
with excitation greater than 2mc” can be deter- 
mined from the probability of production of mono- 
energetic positrons. 

We have attempted to observe the effect in de- 
cay of Eu*, Figure 1 shows the Eu!®2 — Sm!% 
decay scheme. It is seen that the 1409-kev E1 
transition which accompanies the electron capture 
in Eu’*’, has a relatively high intensity. Since the 
energy of the transition that leads to the excitation 
of the 1531-kev Sm‘? level amounts to approxi- 
mately 330 kev, the probability of K capture is 
considerably higher than the probability of L cap- 
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FIG. 1. Eu‘? — 


Sm? decay ‘scheme.* 


ture. According to the calculations of Rose and 
Jackson,” in this case wh/wh ~ 10. We have 
therefore sought monoenergetic positrons produced 
by an electron filling a level on the K shell. Ac- 
cording to (1) the positron energy should be 434 
kev. 

The measurements were made with the magnetic 
spectrometer described in reference 3. The radio- 
active source was europium oxide of natural iso- 
topic composition, bombarded with thermal neu- 
trons. The half-width of the instrument line was 
1.2%. 


W/Hp 


FIG. 2. a — positron spec- 
trum of Eu’S? (reference 3), 4 
b— spectrum of positrons due 
to internal coversion with 
pair production in a transition 7 
with energy 1409 kev. 
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FIG. 3. Spectrum of positrons from Eu's? in the region where 
the line of monoenergetic positrons ‘should be located . I, — 
current in the spectrometer magnet. 


The positron spectrum used in the decay of 
Eu!®2.154 is shown in Fig. 2, curve a, and the re- 
sult of the measurement of this spectrum in the 
vicinity where the line of monoenergetic K posi- 
trons should be located is shown in Fig. 3. As can 
be seen from Fig. 3, there is no clearly pronounced 
effect connected with the production of monoener- 
getic positrons, despite the high statistical accur- 
acy, 0.2 —0.3%, reached in these measurements. 
The shaded area on Fig. 3 can be used to estimate 
the upper limit of the intensity of this effect. A 
comparison of the intensity Ip of the positrons 
from internal conversion with pair production 
(Fig. 2, curve b) and the intensity I, of monoen- 
ergetic positrons yielded 


I p/ Im = 3000. (3) 


We used here for In, the value corresponding 
to the shaded area on Fig. 3, which determines 
only the upper limits of the probability of produc- 
tion of monoenergetic positrons. Since the coeffi- 
cient of internal conversion with pair production 
is known for the 1409-kev transition (it amounts 
to 1.6 + 0.2 x 1074, see reference 3), we can find 
from (3) that the probability for production of 
monoenergetic positrons is wm = 1.3 x 107° posi- 
trons per decay of Eu'®**, This yields, in accord- 
ance with Eq. (2), a value T., = 0.1 ev for the 
width of the nuclear level or a lifetime T 
= 10-4 sec. It was assumed in the calculation that 
Wp = 3.0 X 107° (interpolated from Sliv’s calcula- 
tions ) and Ty ® 20 ev (in accordance with Mlad- 
jenowich’s data.*) 

It is interesting that a calculation of a probabil- 
ity of the single-proton transition, after Weisskopf, 
gives for the lifetime of the 1409-kev E1 transition 
a value T= 0.8 x 107 sec. Thus, according to 
the data given, the transition investigated here is 
slowed down by at least 100 times. 

The authors are grateful to Professor L. A. Sliv 
for continuous interest in this work. 
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Five new short-lived isomers produced by irradiating Sc,03, Nb, La,03, Nd,O; and Os with 
19.2-Mev protons have been detected and investigated. The final products of the isomer- 
yielding nuclear reactions on Sc and La have been identified as Ti#™ and Ce’*™, respec- 
tively. By bombardment of In, the previously known isomer In!!4™ has been produced 
through a reaction with protons for the first time. More detailed information has been ob- 
tained about the properties of In'4™, which we previously detected in irradiated Cd. The 
excitation function and cross section for the reaction at 19.2 Mev were determined for this 
isomer. The gamma-ray energies, half-lives, and relative yields from thick targets have 
been determined for all of the short-lived isomers. 


1. INTRODUCTION 


Tue detection and investigation of short-lived iso- 
meric activities resulting from nuclear reactions 
encounter a number of experimental difficulties. 
Prior to 1955 no isomers with half-lives in the 
millisecond range (10°'—107* sec) were known. 
Thereafter a very small number of such isomers 
were discovered as a result of reactions involving 
14-Mev neutrons,'»? 32-Mev® and 20-Mev*~ pro- 
tons, and 24-Mev and 22-Mev gamma rays. ”"° 

The observation and study of short-lived iso- 
mers created by nuclear reactions are of great 
interest, since some of them cannot be produced 
in any other way. 

By employing data regarding the way in which 
cross sections for the formation of isomeric and 
ground states are dependent on incident-particle 
energies it is possible to observe the transition 
from a mechanism for compound-nucleus forma- 
tion to a mechanism of direct interaction.» !° It is 
very important to determine the parts played by 
various nuclear-reaction mechanisms at different 
particle energies, since this entire subject is in 
need of clarification (see reference 11, for exam- 
ple). 

The present work continues the study of short- 
lived isomers produced by fast protons.4~® 


2. EXPERIMENTAL TECHNIQUE AND 
APPARATUS 
In order to detect and study short-lived iso- 
meric activities with half-lives T,/= 107! 
— 1074 sec produced by fast protons, samples were 


subjected to pulsed irradiation followed by regis- 
tration of short-lived gamma emission between 
accelerator pulses. In the present experiments 
we improved the method of monitoring the beam 
intensity employed in our previous work*~® and the 
technique for registering radiation. 

1) Monitoring of beam intensity. In the investi- 
gation of samples for the purpose of detecting 
short-lived isomers, as well as in several other 
measurements, an extracted beam was employed; 
protons passed through a 40-micron aluminum 
foil before striking a target in air. Beam intensity 
in these experiments was monitored by a scintilla- 
tion monitor (FEU-19 photomultiplier) which 
registered flashes from a thin screen covered with 
willemite (similar to the apparatus described in 
reference 12). The screen was placed in the beam 
path prior to the emergence of the protons into air. 
Each light flash charged a capacitor connected to 
one of the last photomultiplier dynodes. When a 
predetermined voltage was reached on the capaci- 
tor a cut-off thyratron (TG 3—0.1/1.3) was fired; 
a relay, pulse shaper, and mechanical counter were 
then triggered. Prior to the experiment the scin- 
tillation monitor was calibrated by means of a 
current integrator, linear in the region from 107° 
to 107! amp!8 which measured the charge of pro- 
tons that had traversed the willemite screen and 
entered the Faraday cup located directly behind 
the screen. The sensitivity of the monitor de- 
creased with time because the protons passing 
through the screen ‘‘aged’’ the willemite; frequent 
recalibration of the monitor was therefore re- 
quired. We therefore used an internal beam in the 
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FIG. 1. Block diagram of apparatus. 1 — electrostatic gen- 
erator; 2 — linear accelerator; 3 — thyratron for phototriggering 
of electrostatic generator; 4 — master oscillator of accelerator; 
5 — scintillation monitor with FEU-19 photomultiplier; 6 — reg- 
istering circuit of scintillation monitor; 7 — thin aluminum 
screen covered with willemite; 8 — target; 9 — detector (FEU- 
11 photomultiplier with Nal (Tl) crystal); 10 — ‘‘gray-wedge’’ 
analyzer, 11 — single-channel time analyzer; 12 — oscillo- 
graphic counter; 13 — amplifier; 14 — single-channel pulse- 
height analyzer; 15 — gating circuit of FEU-11; 16 — control 
circuit of beam and apparatus; 17 — PS-256 scalers. 


experiments requiring knowledge of the number 

of protons striking the target, the target thus being 
located in a vacuum. In this case the charge of 
protons striking the target, which served as the 
bottom of the Faraday cup, was measured directly 
by the current integrator. 

2) Detection of short-lived isomeric radiation 
and determination of energy and half-life. Figure 
1 is a block diagram of the apparatus. A pulsed 
linear accelerator (at the Physico-Technical In- 
stitute of the Academy of Sciences, Ukrainian 
S.S.R.) supplied two 19.2-Mev proton pulses per 
second (each pulse lasting ~ 300u sec, with 
~3 x 10? maximum number of protons per pulse). 
Gamma radiation from the target was registered 
by a FEU-11 photomultiplier with a NaI(T1) 
crystal (diameter 29 mm, thickness 13 mm) ina 
standard duraluminum container. 

Two modes of photomultiplier operation were 
used to register radiation from the target.‘4 The 
electron current from the photocathode of the 
photomultiplier was controlled by a modulating 
grid located between the first dynode and the 
photocathode. It was shown experimentally that 
the current through the photomultiplier is cut off 
when the modulating grid is grounded. In order to 
prevent charging of the photomultiplier during a 
proton pulse, in some experiments (see below) the 
photomultiplier was cut off by the modulating grid 
during a time @ > 300usec following the start of 
the pulse (photomultiplier cut-off mode). Since 
the pulse duration 9 could vary by an amount of 
time up to 75 msec, an activity with Ty, < 15 msec 
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might possibly not be registered when two short- 
lived emissions were present. The photomulti- 
plier cut-off mode of operation depended on the 
delay circuit of the control unit,!® which was trig - 
gered by a pulse from.the master oscillator of 

the accelerator and which fed a pulse of length @ 
to a tube connected with the modulating grid, which 
in turn controlled the electron current from the 
photomultiplier photocathode. 

In other experiments when an optimum ratio 
was required between the number of pulses from 
short-lived isomeric emission and the background, 
the photomultiplier functioned only during a time 
T of a few tens of milliseconds. At all other times, 
including the period @, the photomultiplier was 
cut off by the same modulating grid (the photomul- 
tiplier gating mode). In this case the special cir- 
cuit used to gate the photomultiplier was triggered 
by the trailing edge of the pulse of length 9. The 
output of this circuit fed a pulse of length 7, (which 
might vary from 0.95 to 390 msec) to another 
tube connected with the modulating grid. 

Resolution of the 1.118-Mev line of Zn® in 
conjunction with both multiplier modes of opera- 
tion differs very little (7.5 — 8%) from the reso- 
lution in the case of a continuously operating 
photomultiplier. It must be noted that the sensi- 
tivity of a gated photomultiplier decreases some- 
what when the width of the gate is reduced. For 
example, when T is changed from 280 to 10 msec 
the 1.118-Mev photopeak is reduced 3%.'4 

When the FEU-11 was used the detector allowed 
large loads. Thus when the total count increased 
from 2 x 10° to 60 x 10° pulses/sec the position of 
the 1.118-Mev photopeak was practically unchanged 
and the previous resolution of 7.5 — 8% was re- 
tained. 

In experiments aimed at detecting short-lived 
radiation produced by fast protons striking a tar- 
get we used a gated photomultiplier (6 =1 msec, 

T = 82 msec). An external proton beam was em- 
ployed, with the target close to the NalI(T1) crys- 
tal. Pulses from the cathode follower of the FEU- 
11 were fed to a “‘gray-wedge”’ analyzer.'® A pre- 
liminary study of the samples aimed at detecting 
appreciable activities; radiation from the target 
was compared with that from a neutral carbon 
sample. A negligibly small background resulted 
when carbon was bombarded with 19.2-Mev pro- 
tons. 

After an effect had been observed or when in- 
vestigating samples which furnished no visual ef- 
fect the spectrum of the sample and of a neutral 
target were photographed. The long-lived back- 
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ground of the target was determined by photo- 
graphing the spectrum from an irradiated sample 
in the absence of the proton beam. The gray- 
wedge analyzer was calibrated by means of mono- 
energetic gamma-ray sources under the given 
mode of photomultiplier operation. In these exper- 
iments the beam impinged on a neutral target, and 
the sources were located at such distances that the 
analyzer load approached the load due to short- 
lived emission from the investigated target. 

Using an external proton beam, we registered 
the time distribution of pulses by means of a 25- 
channel time analyzer,!’ which was fed by pulses 
from the single-channel pulse-height analyzer ad- 
justed to the photopeak under investigation. The 
employment of a single-channel pulse-height ana- 
lyzer improved the signal-to-background ratio. 
For visual observation as well as for photograph- 
ing the time distribution of pulses we used an os- 
cillographic counting setup with driven sweeps. 
The time analyzer and the counter were triggered 
by the trailing edge of the @ pulse. The decay 
curve was plotted taking into account the neutral- 
target background that was measured under the 
given conditions. 

3) Identification of the isotope involved in an 
isomer-producing reaction. In order to determine 
which isotope of a given element is involved ina 
reaction that produces an isomer we used enriched 
mixtures with a different degree of enrichment for 
each isotope. We measured the yields of isomeric 
emission from a sample prepared from an enriched 
mixture along with a sample of the natural mixture. 
Samples of the same compound with identical den- 
sities were prepared in the two cases. 

Our experiments were performed with an ex- 
ternal beam of protons. Isomeric radiation was 
measured by a single-channel pulse-height analy- 
zer with channel width sufficient to include almost 
the entire investigated photopeak. Preliminary 
experiments showed a difference of less than 7% 
in photopeak areas measured with a narrow (1 v) 
or broad (10 v) channel in the case of the 
1.118-Mev line of Zn®. For the purpose of re- 
ducing the long-lived background the photomulti- 
plier was gated during a time T equal to a few 
half-lives of the radiation under investigation. 
Pulses produced by the long-lived radiation from 
the target and accelerator which fell within the 
10-volt channel width of the analyzer were also 
registered automatically. 

For the purpose of taking the long-lived back- 
ground into account, we used a control circuit!® 
which permitted registration of radiation between 
two accelerator pulses. A special arrangement! 
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was used to switch the accelerator from two pulses 
to one pulse per second. When the beam struck 
the target the radiation (including the background ) 
was registered by scaler No. 1. In the absence of 
a beam the long-lived background was registered 
by scaler No. 2. 

Experiments that were intended for identifica- 
tion of a short-lived isomer were conducted in the 
following order. After energy calibration of the 
analyzer the gated photomultiplier was adjusted to 
the investigated line. An unenriched target was 
then irradiated. Following the interaction between 
the beam and the target scaler No. 1 registered, 
for each reading of the scintillation monitor, v; 
pulses equaling the sum of pulses from short-lived 
isomeric emission of the target, long-lived emis- 
sion of the target, long-lived radiation from the 
accelerator and the short-lived background which 
resulted from beam passage through the accelera- 
tor. In the absence of a beam scaler No. 2 regis- 
tered during the same time v, pulses representing 
long-lived radiation from the target and the long- 
lived accelerator background. Thus Avyn = yy — V2 
is the number of pulses produced by short-lived 
target emission and by the short-lived background 
of the beam traversing the accelerator, measured 
for an unenriched target. Under the same condi- 
tions an enriched sample yielded Avgyny. An ex- 
periment with a neutral (carbon) target was per- 
formed in order to determine the short-lived back- 
ground. In this case scaler No. 1 registered v3 
pulses for each scintillation-monitor reading. This 
number of pulses represents the sum of the long- 
lived accelerator background and the beam-passage 
effect. In the absence of a beam, scaler No. 2 
registered only the long-lived accelerator back- 
ground yy. Thus Avac = v3 — vy represents the 
effect resulting from beam passage through the 
accelerator. Similar experiments performed with 
all pairs of samples yielded the relations 

Bi = (Av 


enr 


roa Av.) / (Avian —Avac), 
Bo = OS Ave) (AV — Ave ) etc. 


The isotope involved in a given isomer-produc- 
ing reaction was determined by comparing these 
ratios with computations based upon the certified 
isotopic content of enriched samples. 

4) Identification of an isomer-producing reac- 
tion. In experiments intended for reaction identi- 
fication we measured the reaction threshold for a 
thick target, and compared the result with corre- 
sponding values for the thresholds of all energet- 
ically possible reactions with protons, as com- 
puted from the masses of substances participating 


FIVE NEW MILLISECOND ISOMERS PRODUCED BY 19.2-Mev PROTONS 


in the reactions. Since isomeric radiation in most 
instances amounts to only a few tenths of 1 Mev, 
this can be neglected in a comparison of experi- 
mental and calculated results. Since all investi- 
gated cases pertain to medium and light nuclei, the 
correction for Coulomb-barrier penetration may 
also be neglected because of the closeness of the 
threshold measurements. In the case of a thin 
target, the shape of the excitation function was 
used to determine the type of nuclear reaction. 

In these experiments we used an internal beam 
of protons, which was monitored by a current in- 
tegrator.!? The beam energy was varied by means 
of aluminum filters. Experiments with a neutral 
target were performed under the same conditions 
in order to determine the effect produced by beam 
passage through the accelerator. The experimental 
sequence is described in item 3). 

5) Determination of the isomer-producing re- 
action cross section. These experiments were 
performed with an internal beam impinging on a 
thin sample in which the loss for a 19.2-Mev pro- 
ton beam amounted to ~0.2 Mev. The sample was 
backed with a graphite cup (diameter 20 mm and 
thickness 3 mm), which at the same time served 
to slow down the protons. Following the experi- 
ments with the thin target measurements with the 
graphite backing were performed under identical 
conditions. The experimental sequence is de- 
scribed in Item 3). The reaction cross section is 
represented by 


Ga (Lp) = Vv) linet (2) « (9, *). (1) 


Here v is the number of registered pulses re- 
sulting from short-lived isomeric radiation (with 
the background subtracted ); II is the number of 
protons striking the target and is related to the 
current-integrator reading M by Il = (2.67 + 0.13) 
x 10° M; n is the number of nuclei in the natural 
isotope mixture per cm* of the target; a is the 
relative amount of the isotope on which the isomer- 
producing reaction takes place; é (Ey, ) is the reg- 
istration efficiency for radiation with energy E., 
emitted by a thin target with the experimental 
geometry taken into account. This value also al- 
lows for the attenuation of gamma radiation in the 
material situated between the thin sample and the 
Nal(T1) crystal (graphite backing, Plexiglas win- 
dow of the vacuum attachment; detector cover, 
crystal packaging). «(6, T) is the fraction of 
gamma radiation with decay constant i registered 
in the time 7, with the start of registration shifted 
by the amount of time @: 

x (0, t) = exp (— A8) — exp (— A0 — At). 
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Since it is very difficult to calculate é (E,) 
when the sample is located very close to the detec- 
tor, we used the same experimental arrangement 
and took into account all materials between the 
target and crystal while performing experiments 
in which é (Ey) was measured for a few monoen- 
ergetic gamma-ray sources of known activity, the 
sources having the same dimensions as the inves- 
tigated target. The activities of the following 
standard sources: Ce!4! (E., = 0.142 Mev), Cr°! 
(E., = 0.323 Mev), Cs'3"(E., = 0.662 Mev), Nb® 
(E,, = 0.765 Mev), and Zn® (E = 1.118 Mev) 
were measured by means of a special counter 
whose sensitivity was only slightly dependent on 
gamma-ray energy.!® 

6) Estimate of relative isomer yields from 
thick targets. The yields K, from thick targets 
were normalized by means of a short-lived isomer 
w!8M (E,, = 0.37 Mev) obtained from tantalum. 
We had discovered this isomer some time previ- 
ously.’ In later experiments we found that the 
short-lived gamma radiation from bombarded 
tantalum includes two lines, 0.24 + 0.01 and 0.37 
+ 0.01 Mev, with identical half-lives Ty, /. = 5.5 
+ 0.3 msec. 

Since the short-lived isomeric spectrum some- 
times contains two or three lines with identical 
half-lives, for the sake of simplicity K,, was de- 
termined for the gamma radiation of maximum 
energy. 

These measurements were performed with an 
extracted proton beam and in the experimental 
order described in Item 3). Since the yields from 
thick targets differed strongly the measurements 
were performed for three different target-detector 
separations. Ky was calculated by means of a 
formula similar to (1). v was computed for a 
single reading of the scintillation monitor. Since 
in some instances the thick targets were chemical 
compounds (oxides or salts), it was necessary to 
determine the thickness of the target material con- 
taining these nuclei in order to compute the number 
of nuclei which might be involved in a given nuclear 
reaction. For this purpose we used computed 
data!® for the range-energy relations of protons in 
Al, Cu, Sn and Pb. These data, in conjunction with 
the measured isomer-producing reaction thresh- 
olds and the effective atomic numbers of the com- 
pounds, determined the number of nuclei of a given 
isotope per cm’. Since the registration efficiency 
for thick targets with the given experimental ge- 
ometry was known with insufficient accuracy, the 
yields of short-lived isomers was determined to 
within a factor of ~ 2. 
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FIG. 2. Spectrum of proton- 
irradiated Sc,O,. The gate T= 82 
msec of the FEU-11 photomulti- 
plier was delayed 6 = 0.5 msec 
following the ‘start of the proton 
pulse. 


3. RESULTS AND DISCUSSION 


Accelerator background radiation. Measure- 
ments of the gamma-ray spectrum from the accel- 
erator (when the proton beam struck the neutral 
target) revealed the presence of weak radiation 
with energy ~0.5 Mev. It was determined by means 
of the single-channel time analyzer that this radi- 
ation is the sum of a short-lived (Ty, * 2 msec) 
and a long-lived portion. An analysis of the possi- 
ble sources of the short-lived portion indicates 
that this radiation may originate in the interaction 
of fast protons with iron or copper parts of the 
accelerator. When a delay @ = 10 msec is intro- 
duced only the long-lived radiation is registered. 

Remaev has shown that when targets containing 
oxygen (oxides or salts) are irradiated intense 
long-lived emission with E., = 0.510 + 0.005 Mev 
is observed, which is annihilation radiation from 
B* activities of N* (T, j= 10.6 min) and O* 
(Ti2= 2 min). These activities result from the 
reactions 0/8 (Gos a) Nis and 018 (p, pn) oO! Ex- 
periments also revealed a considerable yield from 
o'8 (p, a) N° in oxide films on metals. 


FIG. 3. Decay of 0.28-Mev activity of Sc.O,. The horizontal 
axis represents the channel number of the time discriminator 
(with 1.8 msec channel width). The vertical axis represents 
logarithms of differences between counts obtained with the 
sample and with a neutral target. The lower curve, obtained by 
subtracting the long-lived background from the sample, repre- 
sents the decay of Ti#5™. 
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FIG. 4. Yield of short-lived isomer Ti#>™ (Ey = 0.28 Mev, 
Ty, = 5.8 msec) from a thick Sc,O, target, in relative units. 
Statistical errors are indicated. E, is the proton energy. The 
neutral (carbon) target background has been taken into account. 
A = 10 v is the channel width of the pulse-height analyzer. 
The photomultiplier gate is T= 55 msec with 0 = 3.7 msec 


delay. 


We may assume that long-lived radiation from 
the accelerator results from both the production 
of N° and O! and from other positron activities 
excited by protons and secondary neutrons in var- 
ious units of the accelerator, especially those made 
of copper. 

Results obtained in our investigations of new 
short-lived isomers are presented below. The 
discussion is divided according to the irradiated 
element. 

Scandium. The irradiation of scandium oxide 
yielded a short-lived isomer with Ey = 0.28 
+ 0.01 Mev and Tj, = 5.8 + 0.4 msec.* Figure 2 
is the gamma-ray spectrum produced by 19.2-Mev 
protons. A 0.28-Mev isomer line is clearly visi- 
ble, as well as a strong 0.51-Mev line, which rep- 
resents the annihilation radiation from positron 
activities, including those of N'3 and O, The 
0.28-Mev line was not registered when a delay 
6 = 75 msec was introduced. Figure 3 shows a 
typical short-lived isomer decay curve. Figure 4 
represents the excitation function of an isomer- 
producing reaction in the case of a thick target. 
The reaction threshold determined from this curve 
is ~2 Mev. Scandium has a single isotope, Sc®; 
the following reactions are possible energetically: 


*We present hereinafter averages of several measurements. 
Errors in energy values are associated with errors in deter- 
mining the positions of peaks in oscillograms obtained by 
means of the gray-wedge analyzer. Stated errors of half-lives 


take into account the accuracy with which the width of the 
timing channel is measured. 
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TABLE I Percent contents of Cd in Samples 
ee ee oe ee 


Isotopes, % 
Sample 
Cdtes Cd108 Cdtio Cdi11 Cdtiz Cd118 Cdi4 @dats 
Natural Cd 4.215} 0.875)12.39 |12.75 |24.07 112.26 |28.86 | 7.58 
Cd114 Wah Oya! all Le) LO le Ns 3.3 
Cdut ail HS Gila ow) (ile) wa) Distt 
Cd1l12 D8) || Oe of Bi Na), 7 Bel Pro 0.7 


Se Cp, fav pees ce p’) Sc, and Se’ (p; a)K*®, 
The most probable of these reactions is Sc*(p, n) 
Ti* with ~2.8 Mev as its calculated threshold. 

It is therefore suggested that the radiation from 

Sc which we observed belongs to Ti#®™, 

The negative results of the attempts to detect 
short-lived isomers in scandium and titanium ir- 
radiated with 14-Mev neutrons? and potassium and 
titanium irradiated with 24-Mev gamma rays’ do 
not contradict our identification. Such results may 
mean that Sc®™ and K*#™ are not produced in re- 
actions with neutrons and gamma rays. Also, an 
analysis shows that reactions which might produce 
Ti*™ are either energetically impossible or of 
small probability. 

Excited levels of Ti*® are unknown; it has a in 
ground level.*? The short-lived 0.28-Mev radia- 
tion that we detected may be assigned to a '/* 

— ¥, transition (E3). Montalbetti’s nomogram 
for single-particle transitions, which relates life- 
time, emitted energy and angular momentum 
change, *! can be used to determine the lifetime of 
a detected short-lived isomer. The lifetime ob- 
tained for a E3 transition and E., = 0.28 Mev is 
~10~* sec, which does not differ markedly from 
the measured value. 

All measurements as well as the short-lived 
gamma-ray yield from a thick target are given in 
Table: 

Niobium. Irradiation of metallic niobium yielded 
two short-lived lines, Ey; = 0.25 + 0.01 Mev and 
Ey, = 0.40 + 0.01 Mev. Evy» has a half-life T;/. 
= 5.7+0.3 msec. The half-life of E.,, is estimated 
at ~4.8 msec. We did not identify the final reac- 
tion product responsible for the isomeric state. 

Cadmium and indium. We have previously*”® 
reported the detection of a short-lived isomer in 
cadmium irradiated with fast protons (Ey 
= 0.28 Mev, Ty/2 = 47 +10msec). The present 
work has yielded improved values for the proper- 
ties of this radiation and has identified the isomer. 
Many energy measurements have furnished the re- 
sult Ey = (0.32 + 0.01 Mev and the short half-life 
Ty/2 = 42.2 + 2.0 msec. 


Natural cadmium has eight isotopes (Table I), 
two of which (Cd! and Cd!) are present in 
only small amounts (~ 2%). We used three sam- 
ples of cadmium oxide with different enrichments 
of the isotopes (Table I). Our smallest sample 
weighed 175 mg (Cd!!40). 

The experiments with cadmium isotopes yielded 
the following relations between the yields B from 
the respective samples: (1: B114? Bit1* Bi12) exp 
= 1:2.2:0.12:0.1. The calculated yield ratios are 
closest to the experimental ratio for reactions in 
Cd'4 in this case we have (1: Bia: Bi11: Bi12) cale 
= 132.6% 02 100.09. 


i : 
£0 
FIG. 5. Excitation func- 

tion of short-lived isomer 
In'*™ (Ey = 0.32 Mev, Ty = Ne [ 
42.2 msec) produced in a IL 
thin Cd target (0 = 4.6 msec, 
T = 82 msec, A = 4.7 v). £0 

L| 
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For identification of the isomer-producing re- 
action in the case of a thick target we measured 
the reaction threshold (= 4 Mev). Figure 5 shows 
the excitation function for the isomer produced in 
a thin Cd target (11.6 mg/cm’). The shape of 
the curve indicates the occurrence of a (p, n) 
reaction. If the isomer resulted from a (p, 2n) 
or (p, pn) reaction the maximum yield for these 
reactions would be in the range 16-19 Mev. There- 
fore the short-lived isomer with Ey = 0.32 
+ 0.01 Mev and Ty. = 42.2 + 2.0 msec is obtained 
from the reaction Cd!!4(p, n) mn!!4™. 

The same thin target was used to measure the 
cross section oy for the production of short- 
lived In’!4™ py 19.2-Mev protons. om = 53 + 5mb 
was obtained as a result of many measurements.* 


*The error is the average of the rms errors.calculated for 


individual measurements. 
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FIG. 6. Gamma-ray spectrum of proton-irradiated La,O,. 
a—0=0.5 msec, T = 82 msec; b — 0 = 50 msec, T = 82 msec. 


Since the reaction In’ (p, pn) In'4™ may also 


take place on indium irradiated with fast protons, 
we investigated the radiation from indium. Short- 
lived emission was detected with E,, = 0.32 

+ 0.01 Mev and Ty/. = 41.5 + 2.0 msec. The ex- 
citation curves obtained with a thick target were 
used to determine the reaction threshold, which is 
10.8 + 0.8 Mev. 

Indium has two isotopes, In? (4.23%) and 
In'45 (95.77%); the reaction obviously involes In 
The reaction thresholds for (p, 2n)Sn!!4 and 
(p, pn) In!!4 which are computed from the masses 
are ~ 8.2 and ~9.4 Mev, respectively. Since Sn!!4 
is an even-even nucleus its first excited levels 
are high, and this nucleus cannot be the final reac- 
tion product. This circumstance together with the 
good agreement of the Cd and In radiation proper- 
ties suggests that the short-lived indium isomer 
results from In!*(p, pn) Int!4™, 

Following the publication of our data in refer- 
ence 4, a short-lived isomer with similar proper- 
ties was observed when indium was irradiated in 
a 22-Mev betatron.”? Crossover reactions (see 
references 4 and 22) enabled Glagolev et al.’ to 
identify the short-lived gamma radiation, which 
was detected when indium was bombarded with 14- 
Mev neutrons (E,, = 0.32 + 0.01 Mev, Ty, = 42 
+ 2 msec), as that of In'!4™ produced in the reac- 
tion In!45(n, 2n )In!14m | On the basis of several 
considerations it was proposed that the observed 
transition goes from the 8* level (E., = 0.510 Mev) 
to the previously known 5* level (E 
= 0.190 Mev).”° This is therefore a magnetic octu- 
pole transition (M3). Duffield and Vegors® have 
identified and obtained improved values for the 
properties of In'!4m, E, = 0.311 + 0.005 Mev, Ty. 
= 42+5 msec. Since the measured internal con- 
version coefficient a¢@ is smaller than 0.13 and is 
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FIG. 7. Decay of ac- 
tivity in La,O, (Ey = 
1.04 Mev). The channel 
width was 4 msec. The 
heavy line represents 
the decay of Ce'**™ 


closer to the theoretical value for an E3 transi- 
tion (@e = 0.08) than for M3 (ae = 0.30), Duf- 
field and Vegors proposed that the 0.501-Mev level 
is a 8 state and that the short-lived 0.311-Mev 
radiation (Ty, = 42 msec) is an electric octupole 
transition (E3). Since precise data for determin- 
ing the interval conversion coefficient is still un- 
available the character of the transition (E3 or 
M3) cannot be decided. 

Lanthanum. When lanthanum was irradiated 
with fast protons we observed a large yield of 
short-lived gamma radiation, the spectrum of 
which is shown in Fig. 6a. Three lines are clearly 
observed: E,,; = 0.30 + 0.01 Mev, Ey, = 0.80 
+ 0.01 Mev and E.3 = 1.04 + 0.01 Mev. When the 
delay @ = 50 msec is introduced none of the three 
lines is registered (Fig. 6b). In addition to the 
background line Ey = 0.51 Mev, the spectrum then 
contains a 0.75-Mev line which was shown experi- 
mentally to belong to the 55-second isomer 
Ce9M (FE = 0.74 Mev") produced in the reaction 
La!39(p, n) Cet39m, 

The measured half-lives of the three lines co- 
incide within experimental error. Ty, =9.2 
+ 0.5 msec is obtained on the basis of numerous 
measurements. Figure 7 shows the decay curve 
of the short-lived isomer. 

Lanthanum consists practically of only a single 
isotope (99.91%); identification of the isomer is 
thus considerably simplified. Figure 8 shows the 


FIG. 8. Yield of short- 
lived isomer (Ey = 1.04 Mev, 
Ty, = 9.2 msec) from thick 
La,O, target. 0 = 4.7 msec, 
T= 35 msec, A = 4.7 v. The 
enlargement in the center of 
the figure represents the 
yield close to the reaction 
threshold. 
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TABLE II 
ee 
a 3 : Yield f 
Tarcet eonves line, aa peice Reaction which 
lev target, Ky produced isomer 
Sc2O3 9Q+ =. 
0,28+0.01 DRO One 0.04 Sc (p, n) Ty4m 
Nb 0,.25+0,04 ~4,8 = 
0.40£0,01 5,720.3 0.005* eS 
Cd 0.32+0,04 42..2+9 0 0.2 Cd44 (p, n)Intt4n 
In 0.32+0,04 44\.5%2,0 0.04 Inl8 (p, pn)In'!4 
re 0.300.014 = 
23 0.80+0.014 oe — 
1.04+0.04 fae 4 Lats? (p, 2n)Celsi™" 
0.21+0.01 = 
Nd2Os 0.43+0.04 2.20.2 | 9 ope = 
0.24+0.04 = 
Ta OLeTo 01 j] 8:= 0.8 1 ENG AS 
Os 0.32+0.04 10.0+0,6 0, 2** — 


experimental excitation curve of the short-lived 
isomer; the threshold for its formation is ~9 Mev. 
Comparison of the reaction thresholds computed 
from nuclear masses shows that the thresholds 
for the (p, pn) and (p, 2n) reactions are closest; 
these are ~ 8.9 and ~9.3 Mev, respectively. It 

is extremely difficult to distinguish such close 
thresholds experimentally; it can only be stated 
that in our case both La‘!?®™ and Ce!38™ are en- 
ergetically possible. It is known from tables in 
reference 20 that cascade gamma rays (0.80, 1.05 
and 0.30 Mev) have been observed in the B* decay 
of Pr!8 (Ty. = 2 hrs) produced on enriched Ce 
by 9.5-Mev protons.”? The lines Ey; = 0.30 Mev, 
Ey2 = 0.80 Mev, and E,3 = 1.04 Mev that we ob- 
served are obviously the same gamma rays that 
were discovered in connection with the B* decay 
of, Pr’? 

The short-lived activity that we have detected 
therefore belongs to the even-even isomer Ce!**™ 
that was produced in the reaction La!**(p, 2n) 
Cei38m 

No short-lived activities have resulted from the 
irradiation of La,O, and Ce,03 with 14-Mev neu- 
trons. The short-lived isomer Ce'®®™ could not 
be observed, since the reaction threshold of 
Ce!49(n, 3n) Ce!®® is 17 Mev. 

When lanthanum was irradiated with 22-Mev 
gamma rays no short-lived activity was observed.® 
When Ce(~ 88% Ce'*’) was irradiated with 24- 
Mev gamma rays Ce'*®™ was also not detected; ' 
this is accounted for by the low probability of a 
(y, 2n) reaction. 

The cited failures to produce short-lived activi- 
ties by bombarding cerium and lanthanum” ®" do 
not conflict with our identification of the isomer 
that we detected when lanthanum was irradiated 
with protons. 


FIG. 9. Proposed decay 
scheme of Ce’**™. The 
isomeric level is located at 
2.14 Mev. All energies and 
transitions are given in Mev. 


Figure 9 shows the possible decay scheme of 
the short-lived isomer Ce®™ which is based on 
the level scheme of Ce!*®.2” The spins, parities 
and transition types that we have proposed are en- 
closed in square brackets; data taken from refer- 
ence 20 are enclosed in round brackets. The trans- 
ition energies were obtained in the present work. 
The assignments of spins and parities to the second 
and third excited states were based on the fact that 
the 0.8-Mev line belongs to the first excited level 
2+ 24 In this scheme the isomer is located at 2.14- 
Mev [7 ]. According to the Montalbetti nomogram 
the 0.30-Mev E3 transition has a lifetime 
~2 msec, which is close to the measured value of 
9.2 msec. For an M3 transition the lifetime ac- 
cording to the nomogram would be ~ 0.25 sec. 

Despite some discrepancy between the experi- 
mental threshold (~9 Mev) and the expected 
threshold (9.3 + 2.14 © 11.4 Mev) the proposed 
decay scheme of Ce'?8™ merits consideration. 

Neodymium. Irradiated neodymium oxide 
yielded two lines, Ey; = 0.21 + 0.01 Mev and Ey» 
= 0.43 + 0.01 Mev. The half-lives of these two 
lines coincide within the limits of error at 2.2 


_+0.2 msec. Since natural neodymium has seven 


isotopes and no enriched samples were available, 
the short-lived radiation was not identified. 
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Osmium. The bombardment of metallic osmium 
produced a strong short-lived line (Ey = 0.32 
+ 0.01 Mev, T;,/,=10+ 0.6 msec). Since osmium 
also has seven isotopes and no enriched samples 
were available, it was impossible to identify the 
nuclear reaction involved in the formation of the 
isomer. 


4. BRIEF SUMMARY 


Table II summarizes the results obtained in our 
investigation of short-lived isomers produced by 
reactions with 19.2-Mev protons. 

Since in the case of Nb we did not know the 
threshold of the reaction which produced the 0.40- 
Mev level, we assumed Ethr = 10 Mev and calcu- 
lated the number of nuclei on which the nuclear 
reaction might take place within a layer of matter 
corresponding to the range of protons with ener- 
gies from 19.2 to 10 Mev. The resulting yield Ky 
is marked with an asterisk. In the cases of osmium 
and neodymium oxide, we knew neither the reac- 
tion thresholds nor the isotopes that were involved. 
In both instances we also assumed Ethr = 10 Mev 
and calculated the isomer yield for a natural iso- 
tope mixture. These values of Ky are marked 
with two asterisks. 
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Geiger and scintillation counters were used to measure the degree of polarization of cosmic- 
ray mesons of various energies. The u*-meson energy was determined from the mean 
range ina Cu and Pb absorber placed above the array. The measurements were performed 
at sea level. The cosmic-ray y*-meson polarizations obtained for i” mesons with momen- 
tum equal to 0.45, 0.9, and 1.7 Bev/c are 0.23 + 0.10, 0.37 + 0.11, and 0.31 + 0.10, respec- 


tively. 
1. INTRODUCTION 


Pyerry nonconservation in m-meson decay, and 
also the character of the momentum spectrum of 
cosmic-ray 7 mesons, lead to a considerable po- 
larization of cosmic-ray * mesons. 

Calculations'~* carried out under the assump- 
tion that all cosmic-ray mesons are produced 
in the decay of the s-meson component showed 
that the polarization of 4 mesons depends on the 
power exponent y, if the momentum spectrum of 
the z mesons is represented by the expression 
ap’, and amounts to 0.30 for y= 7 

The degree of polarization of u* mesons was 
measured by a number of investigators*»®® from 
the asymmetry of decay positrons. For u* mesons 
with momenta 0.35 —0.55 Bev/c, the results of 
these experiments are in good agreement with 
each other, and give polarization values in the 
range 0.19 —0.23. Measurements in the high- 
energy region of the u~ mesons carried out by 
Dolgoshein, Luchkov, and Ushakov’ indicate a 
marked increase of the degree of polarization up 
to 0.44 + 0.055 for a momentum equal to 1.5 Bev/c. 

In the present experiment, the degree of polari- 
zation of y* mesons was determined for three 
various energy ranges. The measurements were 
carried out at sea level. 


2. DESCRIPTION OF THE ARRAY 


The experimental array used is shown in Fig. 1, 
and the block diagram of the electronic equipment 
in Fig. 2. 

Cosmic-ray mesons were stopped in a round 
copper target 220 mm in diameter and 35 mm 
thick. Four thin scintillation counters (2, 3) and 
(4, 5) 210 mm in diameter and 7 mm thick were 
placed in pairs above and below the target for the 


Cu and Pb 


FIG. 1. Diagram of the array: 1 — Geiger-counters; 2, 3, 4, 
5 — scintillation counters. 


detection of the » mesons traversing the array 
and of the decay positrons. A Geiger-counter tray 
1 placed above the array was used for selecting pu 
mesons within a given solid angle. The array re- 
corded » mesons inclined by no more than 40° to 
the vertical. 

The investigated spectrum interval was selected 
by means of a copper-lead absorber placed above 
the array. 4 mesons stopping in the target were 
determined by coincidences (1, 2, 3, 4). Such an 
event produced a square gating pulse of 4 usec 


FIG. 2. Circuit diagram of the electronic circuitry: CC —co- 
incidence circuit, AC — anticoincidence circuit, D — delay line, 
G — gating pulse, CL — clamp, R — recording circuit. 
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duration with a delay of 0.6 usec with respect to 
the time of stopping of the » meson. Decay posi- 
trons were detected by a coincidence of this pulse 
with a pulse from coincidence circuits (2, 3) or 
(4, 5). Decay electrons of 4” mesons were not 
detected by the array, since the lifetime of p™ 
mesons in copper is less than 0.1 psec. 

Since the efficiency of the anticoincidence cir- 
cuit was not ideal, owing to the geometry of the 
array, a small background of positrons from yu 
mesons decaying in the concrete base of the array 
was present. This background was lowered to 
0.5% of the number of decays detected by the array 
by covering the concrete with a lead layer'10 mm 
thick. In order to avoid instrumental asymmetry, 
the target with counters 2, 3, 4, 5 was periodically 
rotated by 180° around the horizontal axis. Never- 
theless, the array was not totally symmetrical, 
mainly because of 4 mesons stopping in counter 3 
above the target. The number of decay positrons 
from these » mesons was measured and found to 
be 0.11 + 0.025 of the total number of positrons 
detected by the array. The target was placed in- 
side a coil in which a horizontal magnetic field o! 
H = 30 gauss could be produced. 


3. RESULTS OF THE EXPERIMENT 


To remove the effect of the instrumental asym- 
metry, a relative method of measurement was 
used, since even for an ideal geometrical sym- 
metry of the array and an ideal efficiency of the 
detecting system, an asymmetry of the decay posi- 
tron emission is possible because of the direction 
of the ~-meson flux. 

In the first and second series of measurements, 
corresponding to mean momenta of »* meson 
0.45 and 0.9 Bev/e respectively, the ratio of the 
number of decay positrons detected by counters 
(2, 3) without magnetic field and with magnetic 
field depolarizing the 4* mesons was determined. 
This ratio was also determined for positrons pass- 
ing through counters (3, 4). The magnetic field 
was switched on periodically at two-hour intervals. 
Such a method of measurement made it possible to 
exclude completely systematical errors due to in- 
strumental asymmetry. In control experiments, 
the absence of the influence of the magnetic field 
on the counting efficiency for decay positrons was 
established with an accuracy to within 0.5%. 

In the third series of measurements, it was 
attempted to compare the degree of polarization 
of cosmic-ray u* mesons with momenta 0.45 and 
1.7 Bev/c respectively, i.e., to study the possible 
variation of the polarization with an increase in 


the energy of the u* meson, irrespective of the 
theoretical formulas. 

The ratio r, of the number of decay positrons 
detected by counters (2, 3) to the number of posi- 
trons detected by the counters (4, 5) for 0.45 Bev/c, 
and the ratio ry of the readings of the counters 
(2, 3) and (4, 5) for 1.7 Bev/c, were measured in 
the experiment. The difference in the w*-meson 
polarization for these momenta determined by the 
quantities r; and r, does not depend strongly on 
theoretical factors, and is practically independent 
of instrumental asymmetry, which made it possible 
to carry out the measurements without using the 
magnetic field. 

The array detected 110 decays of 4* mesons 
per day with momenta of about 0.45 Bev/c. Read- 
ings were taken during a two-hour period. The 
gating pulses were counted continuously in order 
to check the operation of all the elements in the 
array. In addition, the efficiency of coincidence 
circuits (2, 3) and (4, 5) was checked daily by 
counting cosmic-ray particles passing through the 
scintillation counters. A periodical check showed 
that the background of chance counts was not more 
than 1.5% of the useful count of the array. 

For an arbitrary energy and angular selection 
of the decay positrons, the experimentally observed 
ratio of the numbers of positrons traveling upwards 
and downwards can, for a symmetrical array, be 
expressed by the formula 


r=(1+aP)/(1—aP), (1) 


where P is the degree of polarization of the u* 
mesons. The coefficient a takes the probability 
that positrons leave the target, and the geometry 
of the array, into account. 

According to the two-component neutrino theory, 
the degree of asymmetry of decay positrons is a 
function of the positron energy, and of the angle 
between the direction of the spin of the decaying yu 
meson and the momentum of the decay positron. 
The degree of asymmetry of the decay positrons 
observed in the experiment therefore depends both 
yn the polarization of the decaying » mesons and 
yn the bias of the array in the energy- and angular 
selection of the decay positrons. 

The thick flat target used in the experiment was 
the element defining the angular and energy selec- 
tion of the decay positrons. In fact, the probability 
that low-energy positrons leave the target is 
smaller than for high-energy positrons. In the 
same way, it is more probable that a positron 
emitted at a small angle to the vertical will leave 
the target. 


POLARIZATION OF COSMIC-RAY vise 


In the case of a semi-infinite target and a uni- 
form distribution of the »* mesons stopping in it, 
the number of decay positrons emitted at an angle 
6 to the vertical into a solid angle dQ and reach- 
ing the target surface is given by the expression 

10 
N (8)dQ = A|\\ W (e, x/cos 6) N, (e, cos 8) dx de | dQ, (2) 
00 
where W(e, r) is the probability that a positron 
with energy ¢€ leaves the surface of the target 
traversing a path r=x/cos 6, where x is the dis- 


tance from the point of decay to the surface of the 
target, and 


Ny (@, cos 8) = 2e? {(3 — 22) + EP cos@(1 —2e)}- (3) 


The probability W(«, r) was calculated follow- 
ing the procedure of Wilson.'! In doing this, the 
mean range of positrons having a given energy was 
taken into account, and was determined from the 
ionization and radiation losses, multiple scattering, 
and fluctuations in the range of positrons due to 
radiation losses and multiple scattering. 

Equation (2) can easily be transformed to 


N (8) dQ = A (1 + Py cos 8) | cos 6| dQ, (4) 


where A and 7 are constants. The factor | cos 6 | 
determines the angular selection of positrons. The 
factor 7, which determines the energy selection 

of positrons by the target, was calculated by nu- 
merical integration, and was found to equal 0.412. 
The value of 7 corresponding to the absence of 
energy selection was equal to 0.333. 

In the case where all positrons leaving the sur- 
face of the target are detected irrespective of the 
angle of emission, i.e., where there is no geo- 
metric angle cut-off, the experimentally observed 
ratio of the number of positrons travelling upwards 
and downwards is given by the formula 


1 + yP cos §)| cos 6 |dcos 6 
ae _1+42Pn/3 
{—=2Py/ 3° 


R= (5) 


\ (1 — nP cos §)| cos § | dcos 9 


Coe ioe ar 


From a comparison of Eqs. (1) and (5), it is 
evident that the factor a = 27/3 = 0.275.* In reality, 
the positrons leaving the target are, in addition, 
selected according to their angle by the geometry 
of the array. Therefore, in the calculation, the 
form of the angular distribution of positrons on the 
surface of the target was determined taking the 
multiple scattering in copper into account. Taking 
the multiple scattering and the angular selection 


*The authors are grateful to B. V. Geshkenbein for comments 
on a number of problems connected with the calculations. 
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of positrons by counters (2, 3) and (4, 5) into ac- 
count leads to a = 0.304. A correction was applied 
to the factor a to account for the selection of p* 
mesons. Finally, it was assumed that 1/a = 3.65. 
The degree of polarization in the first and sec- 
ond series of measurements was found from the 
formula 
P=( 


Riia(KR 1), Rot 


(6) 


| fa = 3,65, 


The coefficient K determines the value of the 
residual polarization of w* mesons in the presence 
of the magnetic field, with respect to polarization 
without field. The value of the residual polariza- 
tion depends on the applied magnetic field, and on 
the time moments t, and t, with respect to the 
moment at which the » meson stopped in the tar- 
get, which define the beginning and end of the oper- 
ation of the circuit recording the decay positrons. 
With an increasing magnetic field, the residual 
polarization decreases to zero, changes sign, at- 
tains, maximum, and then, asymptotically, tends 
towards zero. 

The value of the magnetic field H = 30 gauss 
was chosen for an increase of the measured effect 
in order to obtain maximum polarization of the 
opposite sign as compared with polarization with- 
out the field. 

The value of the residual polarization was de- 
termined by the expression 


ts 
K =\ cos wte—!/* dt 


¢ 
71 


tp 

estar 

ti 

where T is the average lifetime of the meson, 
and w the frequency of Larmor’s precession of 
the spin, proportional to H. Results of all series 
of measurements, taking corrections for the de- 
polarization of ~ mesons in the atmosphere and 
in the absorbers into account, is as follows: 


Momentum, Bev/c 0.45 0.9 Ae, 
Number of detected decays 4474 4022 5882 
Pp 0,23+0.10 0,3740.41 0.3140,10 


In the third series of measurements, the differ- 
ence in the degree of polarization of 4* mesons 
with momentum 1.7 and 0.45 Bev/c was found to 
be equal to + 0.09 + 0.10. Polarization for momen- 
tum p = 1.7 Bev/c was counted relative to the po- 
larization at p = 0.35 — 0.55 Bev/c averaged over 
all known experimental data?»*-8 and equal to 0.22 
+ 0.03. 

Combining the data on the polarization of y* 
mesons with momentum 0.9 and 1.7 Bev/c, we ob- 
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tain an average value equal to 0.34 + 0.07, which 
is markedly greater than the average value 0.22 

+ 0.03 obtained by numerous investigators for y* 
mesons with momenta 0.35 — 0.55 Bev/c. The ab- 
solute value of the polarization of uw mesons with 
momentum 0.9 and 1.7 Bev/c obtained by us is, 
within the limits of error, in agreement with the 
theoretical value for the polarization 0.30 obtained 
under the assumption that polarization of the p- 
meson component is due to its origin in the 7- 
meson component. A considerable fraction of yu 
mesons with momentum of ~ 0.4 Bev/c are pro- 
duced in the decay of 7 mesons of relatively low 
energies, up to 1.5 Bev/c.”!" In this energy range, 
the m-meson spectrum decreases slower than at 
high energies, which may be one of the reasons 
for the lower value of polarization in the low-en- 
ergy region observed in all experiments, as com- 
pared with the theory. 

In conclusion, the authors express their grati- 
tude to Academician A. I. Alikhanov for his inter- 
est in the experiment, and to G. P. Eliseev for 
help in planning the experiment and discussion of 
results. 
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PRODUCTION OF THE RADIOACTIVE ISOTOPE Kr®® AND MEASUREMENT OF ITS 


Y RADIATION 
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The radioactive isotope Kr® was obtained from neutron-irradiated uranium by frontal 
chromatography of the gases evolved during a solution of the uranium in nitric acid. The 
Kr® thus obtained was used to determine the y-ray yield. The y-ray quantum yield is 
(0.41 + 0.06)% per decay, which is much smaller than the value given by Zeldes et al.! 


‘Tae half-life, the maximum £-particle energy 
and the type of 8 spectrum of Kr® have been 
measured in many investigations. A y radiation 
of low intensity was also observed and its energy 
(Ey = 517 kev) determined. Zeldes et al.! give 
data on the yield of this y radiation, amounting to 
(0.65 + 0.15)% per decay. No other investigations 
of the absolute yield of gamma rays from Kr® are 
known at present. 

Later on, Snell and Pleasonton* raised doubts 
concerning the reliability of the gamma-radiation 
yield given in reference 1. They assumed the 
value (0.65 + 0.15)% to be excessive, since it was 
still not known in 1950 that the level at which the 
gamma radiation takes place is metastable (life- 
time approximately 1 usec). In this connection, we 
obtained a more accurate value for the gamma 
yield of Kr®. 

To obtain the Kr®, the neutron-irradiated 
uranium was dissolved in nitric acid, and the gases 
evolved during the solution, which contained the 
radioactive krypton, were processed by removing 
the moisture, the oxides of nitrogen, and the radio- 
active iodine. The remaining gas mixture con- 
tained oxygen and nitrogen as the main components. 
The oxygen and nitrogen were separated by frontal 
chromatography on activated carbon at 77°K. The 
mixture was passed through a carbon column, 
where the krypton was completely absorbed. The 
concentration of the krypton in the sorbate was 
approximately 150 times greater than in gases 
evolved during the solution. The chromatographic 
enrichment of the krypton was repeated once more, 
yielding radioactive krypton dissolved in a small 
amount of carrier gas, fully suitable for our pur- 
poses. 

In this enrichment method, xenon and its radio- 
active isotopes are separated together with the 
krypton, but these decay relatively rapidly. 


For the measurements, a gas source of Kr® 
was produced in a Plexiglas cylinder of 35 mm i.d., 
6 mm height and 2 mm wall thickness. Aluminum 
foil 2.27 mg/cm? thick was fastened on the ends of 
this cylinder. To determine the yield, separate 
measurements were made of the intensity of the 
8 and y radiation. The yield was found from the 
ratio 


Nin Nige 


where Ny and Ng are the total numbers of the 
gamma quanta (of energy 517 kev) and 8 particles, 
respectively, emitted by the source per unit time 
into a solid angle 4r. 

The 8 intensity was measured with an SI-2B 
end-window 8 counter. The absorption in alumi- 
num was plotted. Account was taken here of the 
absorption of B particles in the mica covering the 
window of the counter, in the aluminum foil of the 
source itself, and in the layer of air between the 
source and inlet window of the counter. The geo- 
metrical parameters of the experiment were ac- 
counted for in accordance with reference 3. 

The total intensity of gamma radiation of the 
same source was determined with a scintillation 
gamma spectrometer with 10% resolution (rela- 
tive to Cs!8"). The scintillator used was a 
Nal(T1) crystal 40 mm in diameter and 50 mm 
high, with an FEU-13 photomultiplier. The spectra 
were plotted with an AI-100 100-channel amplitude 
analyzer. The gamma intensity was calculated 
from the area of the total-absorption peak. Ac- 
cording to our data, the yield of gamma radiation 
from Kr®, corrected for the gamma-spectrometer 
efficiency,* amounts to 0.41 + 0.06% per decay. 

To check the reliability of these data, analogous 
measurements were made with the isotopes I'*! 
and Cs'*4, the gamma quantum yield of which was 
reliably measured. The maximum energy of the 
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B particles from these isotopes is close to the 
maximum energy of the 8 particles of Kr®, and 

is 0.61 and 0.66 Mev respectively. In the measure- 
ments we determined the yield of the principle 
gamma lines with energies 0.364 Mev (I'*!) and 
0.797 Mev (ies): The deviation from the litera- 
ture data®® is 3.2% for I'*! and 7.8% for Cs!*4, 
which is within the limit of experimental accuracy. 
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The energy of shower particles produced in a 6 + 31 p interaction is estimated, the primary- 
particle energy being ~5 x 10'* ev. The mean transverse momentum is (0.17 + 0.02) Bev/c. 
The fraction of the primary-particle energy spent for the production of secondary particles 
is greater than 10%. The angular distribution and the transverse momentum distribution 
measured are compared with Landau’s hydrodynamical theory. The best agreement of the 
transverse momentum distribution has been obtained for kT = ae 11,0. The nuclear interac- 


tion mean free path is of the order of 30 cm. 


An experimental study of the energy spectrum of 
secondary particles in high-energy interactions in 
nuclear emulsion is feasible in rare cases. 

We have succeeded in studying the energy spec- 
trum in an interaction of the 6 + 31 p type. The 
event was found through a systematic search for 
high-energy interactions in a part of a stack of Il- 
ford G-5 emulsions 600 wu thick, each irradiated for 
8 hours at an altitude of 27 —30 km. The event was 
interpreted as an interaction of a singly-charged 
cosmic-ray particle (probably a proton) with an 
emulsion nucleus, which is indicated by the pres- 
ence of a large number of evaporated particles, 
including a Li® nucleus with its characteristic de- 
cay. 

The ratio of the tunnel length which was tra- 
versed by the primary particle to the nucleon size 
was determined according to the formula! 


N, = 1.85k(n —4/4)""E" 


and was found to be 4.4. In the formula, Ng de- 
notes the total number of particles produced, k is 
a constant of the order of one, and E is the energy 
of the primary particle in the laboratory system 
(l.s.) in the units of the nucleon rest mass. 

The Lorenz factor y was determined, assuming 
a symmetrical particle distribution in the center- 
of-mass system (c.m.s.), by the half-angle 
method? and by the Castagnoli method.® The values 
y obtained by these two methods are in agreement 
within the limits of statistical error, and are 
equal to 


ape Ps + 3,7 
v= 23.8 7 3%9 : 


The energy of the primary particle, calculated 
under the assumption of an interaction between a 


nucleon and a nuclear tunnel, was found to be equal 
to (4.7 == 18004 10. ey. 

All tracks of secondary particles were followed 
up to the interaction or up to the place of exit from 
the stack. In all, 115 cm of shower tracks were 
followed, and three nuclear interactions of the nar- 
row-cone particles and one interaction of a wide- 
cone particle were found. The mean free path of 
the nuclear interaction was found to be of the order 
of 30 cm. 


MEASUREMENT OF ANGLES AND ENERGY 


Measurements were carried out using a MBI- 
8M microscope with a total magnification of 
) Oe <a>, <a Ye 

The angles of all shower particles with respect 
to the direction of the primary particle were 
measured by the coordinate method. The direc- 
tion of the primary track was taken as the shower 
axis. Measurements have shown that the distortion 
of the emulsion has almost no effect on the accu- 
racy of the shower axis determination. Basically, 
the errors in the shower axis determination were 
due to the error of the measuring instrument, 
and were found to be of the order of 1’. The spa- 
tial angle 6; between each shower particle and 
the direction of the primary particle was deter- 
mined from the formula 


cos 0; = COs Aj COS P; COS Po + SiN P; SiN Fo, 


where )j is the angle between the i-th particle 
and the primary particle in the plane of the emul- 
sion, and gq and gj are the angles of dip of the 
primary and of the i-th particle respectively. The 
results of the angle measurements are shown in 
the second column of the table. The error of 
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measurement of spatial angles up to 2° was not 
greater than 2’. 

The range of shower particles of the narrow 
cone reached 6 cm in one emulsion layer, and the 
primary particle traversed 2.6 cm in the same 
layer. This made it possible to measure the en- 
ergy of secondary particles by the multiple-scat- 
tering method. 

It was found possible to estimate the energy 
of 28 shower particles. The basic cell length was 
taken as t = 500 yw, and a recalculation for 1000, 
2000, 4000, and 8000 uw was carried out by the 
overlapping-cell method. The energy of each 
shower particle was determined from measure- 
ments over two to three cells, under the condition 
D/Dy 2 2, according to the formula 


pBc = Kt / Dy, 


where p is the particle momentum, K is the 
scattering constant, D is the value of the mean 
second difference of coordinates (D? = Do + De 
measured in the experiment, Do characterizes 
the Coulomb scattering, and D, is the noise due 
to the noise of the microscope table, minute dis- 
tortions of the emulsion, and to other factors. 

To find the value of Dy, scattering measure- 
ments were carried out on the track of the pri- 
mary particle. Since the energy of the primary 
particle found from the angular distribution of 
shower particles is of the order of 5 x 10" ey, 
the measured scattering of the primary track 
Dp is due basically to the table noise and to false 
scattering. 

In the measurement of one of the secondary 
particles (particle 5 of the table), the measured 
value of Ds; was found to be close to the value ob- 
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tained for the primary track, within the limits of 
statistical error. Consequently, the Coulomb scat- 
tering is negligible for this particle also. Since 
particle 5 passes through the same region as the 
remaining particles, we can, with small error, 
accept the value of D; for Dy. To reduce the sta- 
tistical error for Dy, we used the average of Dp 
and Ds. 

Moreover, Dy, was determined on several 
tracks by the multiple-cell method.’ The values 
obtained are in good agreement with the mean 
value De For cells of 4000 and 8000 yp, the value 
of Dy was found to be equal to 0.3 and 0.6 pw re- 
spectively, which corresponds to the Coulomb 
scattering of particles of 44 and 62 Bev energy. 
As a result, it was possible to measure the en- 
ergy of secondary particles up to 25 Bev. Dis- 
tortion and single scattering were accounted for 
in the usual way. The values of the energy of 
secondary particles are shown in column 3 of 
the table, where statistical errors are also in- 
dicated. 

For the first three tracks (see table ), we 
succeeded in measuring the relative scattering, 
which provides one of the best energy measure- 
ment methods in the range up to several hundred 
Bev. These tracks diverged in the emulsion plane 
by not more than 60 uw over 2.5 cm, and showed 
almost no divergence with depth. Energy measure- 
ments by the relative-scattering method over 
cells 2000 and 4000 up were found to be in good 
agreement with the energy values found from 
measurements on individual tracks. If we take 
into account the high energies of the particles, 
then the good agreement between the data obtained 
confirms once more the accuracy of our measure- 
ments. 


parce 0; E, Bev Py /epc Baile 9; E, Bev | Pilene 
{ 16’ 2846.5** | 0.94 47 2°25’ | 5,2+0.7 1.56 
ane eter oT26.5* | 1.00 18 2°28’ | 2.3+0.5 0.72 
34 24 20+4.2** | 0.87 19 2°40’ | 4.9+0.8 0.93 
p 26" 20+£4.3 1.08 20 a eh 0.82 
5 43! S75 S9 ml 9°59" | 4.5244 1.67 
6 48’ | 20,546.3 2.06 22 3°32’ | 4,342.3 1.90 
7 50’ | 12.143.2 1.25 23 4°24" | 4.4+£0.3 0.60 
8 4° 5) 10 +2 24% 4°39’ | 4.04.3 9.32 
9 12-7" | 4,0£0,8 0.56 25 7°.6’ | 0.52002 0.40 
10 18 Wwe 520d 0.94 26 8° 3’ | 4.0+0.3 1.00 
i 1°20' | 4.324'9 0.74 27 12°24’ | 4.3+0.2 2.00 
19 4°23) 5241.4 0.89 28 46° 6’ | 0.6+0:2 1.49 
13 4°34! 7,841.9 4.51 29 19°31’ fa, as 
14 1°45" | 5,742.0 1.24 30 30°56 / ail = 
15 D7 es a4 5 1.73 34 77°57! = = 
16 peo” VAT 0 1.4 


*Particles 3, 6, 8, and 24 produced nuclear interactions of types 2 + Sp, 9+ 2p, 


2+?p, and 5+ 6p respectively. 


**From relative scattering measurements over a 4000-y cell, an energy of (29 
+ 8) Bev was obtained for particles 1-3, and (25 + 8) Bev for particles 2 and 3 
oo 8 


INTERACTION OF 5 x 10!2 ev NUCLEONS WITH EMULSION NUCLEI 


ANGULAR AND ENERGY DISTRIBUTIONS 


As has been mentioned, the event studied was 
interpreted as an interaction of a nucleon with an 
emulsion nucleus with a tunnel length n = 4.4. 

A further development of the hydrodynamical 
theory of Landau for the nucleon-nucleon and 
nucleon-tunnel interaction was given by Milekhin 
and Rozental’.*** The angular distribution of sec- 
ondary particles for nucleon-nuclear tunnel inter- 
actions was calculated only for cases with 
n= 3.7. It can, however, be assumed that, for 
n > 3.7, the angular distributions will not be 
greatly different from the distributions obtained 
for small values of n. The experimentally ob- 
tained angular distribution of shower particles 


in the system of equal velocities is shown in Fig. 1. 


aNn/az 


RY es fe el Pe ae ae ee 


FIG. 1. Angular distribution of secondary particles in the 
system of equal velocities (histogram — experiment, solid 
line —theory. *) 


In the same figure, the theoretical curve of the an- 
gular distribution for n = 3.7 is shown, as cal- 
culated according to the formula 
aN. = oN¢ 
dn V2aL 


L =0.56InE + 1.6In(—= 


pelea el 


exp ( 


wat) +16, 
where 7 = ln tan (6,/2), and 6, is the angle of 
particle emission in the c.m.s. The transforma- 
tion to the angles 9, from the angles in the l.s. 
is based on the assumption that all particles pro- 
duced are relativistic. 
the observed experimental distribution is shifted 
towards large angles as compared with the theory 
(in the l.s.). It cannot be excluded that such a 
shift is due to secondary effects in the target 
nucleus. 

The goodness of fit of the angular distribution 
wp the symmetrical one was tested yee the 
XY? criterion, and it was found that P (x? ) = 90%. 

The transverse momenta pj, as determined 
from the energies of the particles and their angles 
of emissions with respect to the primary track, 
are shown in column 4 of the table (in units of 
mca) The mean transverse momentum, without 


As can be seen from Fig. 1, 
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taking particle 5 into account, was found to be 
equal to (0.17 + 0.02) Bev/c. The lower limit of 
transverse momentum of particle 5, equal to 1.2 
Bev/c, is considerably higher than the mean value, 
and is in good agreement with the mean value of 
the transverse momentum obtained for nucleons 
by Edwards et al.’ Thus, it follows from the data 
obtained that the charged particle carrying away 
the maximum energy is heavier than a 7 meson, 
and is most probably a nucleon. The probability 
that this particle is the primary particle conserv- 
ing a considerable part of its energy is small, 
since it is emitted at an angle of 43’ to the shower 
axis. 

A histogram of the observed transverse mo- 
menta distribution is shown in Fig. 2. The corre- 
sponding theoretical curves are taken from the 
article of Milekhin and Rozental’.6 The maximum 
of the curves is expected in the region (1 —2)p,c? 


? 


Lg GAN dp, 


FIG. 2. Tranverse mo- 
mentum distribution. Curves 
1, 2, 3, correspond to tem- 
peratures kT = % pc 
Hr c?; % Ug C* 


which is in good agreement with our experimental 
distribution. Best fit with the experimental his- 
erm is ppect ed for the curve 1, i.e., for 

kT = JE ba ce”. Thus, the experimentally- Pomme 
spectrum of me secondary particles is softer 
than the one predicted by the Milekhin variant of 
the hydrodynamical theory for kT = ee This is 
evidently due to the fact that the hydrodynamical 
theory gives a very anisotropic (in the c.m.s.) an- 
gular distribution of secondary particles; experi- 
mentally, as a rule, the angular distribution is 
more isotropic. The inelasticity factor was esti- 
mated from the ratio of the total energy of all 
secondary particles, taking neutral ones into ac- 
count, to the primary energy. The value obtained 
for the inelasticity factor was found to be greater 
than 0.1. 


1g. E. Belen’kii and G. A. Milekhin, JETP 29, 
20 (1955), Soviet Phys. JETP 2, 14 (1956). 

2 Dilworth, Goldsack, Hoang, and Scarsi, Nuovo 
cimento 10, 1261 (1953). 

3Castagnoli, Cortini, Franzinetti, Manfredini, 
and Moreno, Nuovo cimento 10, 1539 (1953). 
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4 Chasnikov, Takibaev, and Boos, IIpu6oppi Texauka Edwards, Losty, Perkins, Pinkau, and Reynolds, 
uw 9kcHepuMeHta (Instruments and Exptl. Technique) Phil. Mag. 3, 237 (1958). 
No. 1, 54 (1959). 
5G. A. Milekhin, JETP 35, 1185 (1958), Soviet 
Phys. JETP 8, 829 (1959). 
6G. A. Milekhin and I. L. Rozental’, JETP 33, Translated by H. Kasha 
197 (1957), Soviet Phys. JETP 6, 154 (1958). 180 
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A HIGH CURRENT MICROTRON 
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Preliminary data are presented on a new, efficient electron accelerator in the 5—15 Mev 
energy range. The accelerator is of the electron cyclotron type. The efficiency of electron 
capture into resonance orbits and also the general efficiency of the accelerator are appre- 
ciably increased by injecting the electrons from a hot cathode located directly in the cavity. 
The accelerated electrons are well defined in energy and momentum. 


legs paper presents some preliminary data ona 
new, efficient cyclic accelerator for electrons in 
the energy range 5—15 Mev. The efficiency and 
current of the accelerator have been significantly 
increased by making fundamental changes in the 
geometry of the accelerating field and in the 
method used to inject the electrons. 

In 1944, Veksler discussed the acceleration of 
fast particles in a machine with a constant mag- 
netic field.! However, the low efficiency of the 
first microtrons’” and the rapid development of 
linear accelerators led to a lack of interest in this 
field. 

Two fundamental characteristics of electron 
cyclotrons — a monoenergetic beam and phase 
stability over a narrow interval only — aroused 
our interest in connection with the problem of ob- 
taining bunches of electrons. We built a microtron 
with magnet pole faces 700 mm in diameter spaced 
110 mm apart. The radio-frequency field was sup- 
plied by a pulsed magnetron operating in the 
10-cm band. 

The energy AE gained by a charge during one 
circuit of the accelerator is related to the con- 
stant magnetic field H through 


AE{Eo=H / Ho, 
where Ey = mc? is the rest mass and Hy = Eyw/ec 
is the nominal magnetic field corresponding to an 


accelerating field of frequency w. The total 
energy of the particle after n circuits is given by 


En = E, +E; + nAE =kAE, 


where k is the time for one revolution of the par- 
ticle, this time being measured in periods of the 
accelerating field, while Ej is the injection 
energy, determined by putting n =0, i.e., 


E;= RAE — Ey xo en) 


In our first experiments we used a toroidal 
cavity, and obtained a beam of 6 Mev electrons on 
the 12-th orbit. The current in each pulse was 7 
ma and the length of the pulse 2 usec. This inten- 
sity was about 5 times greater than any that had 
been reported earlier. The rf power was 300 kw 
and the duty cycle was one in 1000. The attenuation 
of the beam during acceleration was negligible. 

The source of these accelerated electrons was 
apparently emission from the walls of the accel- 
erating chamber, the field in which was as high as 
1.5 x 10° v/cm. 

The toroidal cavity with cold emission suffers 
from the drawbacks that it is hard to increase the 
intensity further, that the emission cannot be con- 
trolled, and, consequently, that the results are not 
reproducible. 

We modified the microtron by installing a cy- 
lindrical cavity operating in the Ey;) mode. The 
accelerator is shown schematically in Fig. 1. 


FIG. 1 


Electrons are emitted from the cathode K, 
located at a definite distance RK from the axis. 
Acted upon by electric and magnetic fields, the 
electrons follow some trajectory and leave the 
cavity through a hole in its wall, the hole being 
located close to the axis. The electrons are sub- 
sequently accelerated by conventional microtron 
action, an electron gaining an energy AE = (1 
to 1.2) E,) every time it passes through the cavity. 
It should be noted that Aitken‘ has proposed locat- 
ing the cathode inside the microtron cavity. 
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The initial motion of the electrons was studied 
with the analog computer described by Prudkov- 
ski¥.° Prudkovskil’s new machine plots the tra- 
jectories of relativistic electrons acted on by 
time-dependent electromagnetic fields. The cap- 
ture into a resonant orbit, the phase oscillations, 
the orbit positions, and other parameters of the 
accelerator were studied in detail by numerical 
integration with an electronic digital computer of 
the full relativistic equations of motion of the 
electrons. 

The beam could be kept monoenergetic over a 
fairly wide range of magnetic field and rf field 
strengths. This implies that the accelerated elec- 
trons can have arbitrary energy, not limited to 
integral multiples of the electron rest energy. 

An accelerator with the following parameters 
was built, the choice of parameters being based on 
the results of the computations: R = 3.83 cm, RK 
= 1.75 cm, L=1.63 cm (R is the radius of the 
cavity and L is its height). The magnetic field 
strength was somewhat greater than the nominal 
value H) (H/H) = 1.1). The beam current at the 
12-th orbit was 15 ma, and the beam energy was 
7 Mev. The power input to the cavity was 600 kw, 
of which 400 kw went into ohmic heating of the 
cavity walls, 100 kw into accelerating background 
electrons in the cavity, and 100kw into the reso- 
nant electrons. 

The electrons captured were those emitted near 
zero phase of the rf oscillation, i.e. those emitted 
when the electric field was maximum. About 4p 
of the total emission current was captured, in 
agreement with calculations. It should be noted 
that for a thermionic cathode this is not the most 
advantageous phase for capture to take place. 

The cathode was one face (1 to 2 mm?) ofa 
lanthanum boride cube heated to 1600°C. Ata 
field strength of 350 kv/cm in the cavity, the emis- 
sion current density was 200 amp/cm”?, The 
diameter of the beam at the 12-th orbit was about 
5mm. At the 12-th orbit, 80% of the electrons 
were magnetically deflected out of the chamber. 

The accelerator operated stably. The beam 
current could easily be controlled by varying the 
cathode temperature. 

One of the disadvantages of the microtron as 
usually operated is that a small magnetic field is 
required (Hy = 1070 0e at X=10cm). With the 
method described above for injecting the electrons 
into the resonant orbit, it is impossible to increase 
the magnetic field and thus increase the energy of 
the accelerated electrons without changing the 
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FIG. 2 
orbit radius. For this reason, we considered 
another set of electron trajectories in a cylindri- 
cal cavity. In this design, the cathode is placed 
near the axis and the electron beam first leaves 
the cavity at point A in Fig. 2. 

For such trajectories, the magnetic field can 
be 2 or 2.5 times greater than the nominal value; 
in passing through the cavity, an electron gains 
energy AE = (2 to 2.5) Ep». A cavity with dimen- 
sions R = 3.83 cm, Rx = 0.32 cm, L = 2.32 em 
gave a beam of 5 ma and 13 Mev at the 12-th 
orbit with a magnetic field of 1950 oe. The cap- 
ture efficiency was 5%, and 10% of the captured 
electrons were accelerated. 

We also considered the motion of electrons in a 
rectangular cavity. With such a cavity, the spacing 
between magnet pole faces can be decreased, while 
the electron energy at a particular orbit can be in- 
creased because the rf field is spread over a 
large region. 

We note some new possibilities suggested by 
work with this type of cavity. 

Increasing the thickness of the accelerating gap 
would allow the field strength inside the cavity to 
be decreased, which in turn might lead to less rf 
power and so to continuous instead of pulsed op- 
eration of the microtron. 

Moroz has discussed the use of such cavities 
in an azimuth-dependent magnetic field with edge 
focusing.® 

The method described above for injecting elec- 
trons into accelerating orbits might prove useful 
in circular strong-focusing accelerators whose 
magnetic field is constant in time. 

We believe the new microtron will be competi- 
tive with linear accelerators and betatrons in the 
energy range up to 50 or 100 Mev. The microtron 
may be useful as an injector for big accelerators 
because the microtron beam is well collimated 
and monoenergetic. 

The high efficiency of the accelerator is due not 
only to the new trajectories, but also to the com- 
plete and detailed calculations, to the decreased 


electric field strength, and the use of a controllable 
cathode. 
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We investigated the angular distributions of photoneutrons of energy 210 Mev produced by 
irradiating lithium and iodine with bremsstrahlung of 90 Mev peak energy. The distribution 
was found to be highly asymmetric with respect to the angle 90°, most of the neutrons being 
emitted at small angles. The energy distributions of the neutrons and protons, measured 
with the same apparatus, were compared. The yields of fast photoneutrons from some ele- 


ments were measured. 


‘Tue present investigation is a continuation of our 
earlier work! on the investigation of fast photoneu- 
trons. The experimental apparatus and the data- 
reduction procedure were described earlier. The 
modifications pertain essentially to the data reduc- 
tion. We have estimated the difference in the en- 
ergy distributions of the neutrons emitted forward 
and backward relative to the direction of the 
gamma-quantum beam. We used for this purpose 
a data-reduction method analogous to that de- 
scribed earlier! for the ‘‘telescopes’’ used to 
measure the energy distributions. The paraffin 
converters previously employed were replaced by 
polyethylene converters to improve the accuracy. 
In the measurements of the angular distributions 
we used a converter 5 mm thick, directly glued to 
the forward crystal of the ‘‘telescope,’’? and in the 
measurements of the energy distributions we used 
a 3mm converter located 97 mm away from the 
rear crystal. ‘‘Telescopes’’ with thicker conver- 
ters were used also to measure the yields. The 
targets were made of elements of natural isotopic 
composition, and the yield from the oxygen was 
measured by irradiating ordinary water. All the 
investigations were carried out at a bremsstrah- 
lung spectrum with E,, 4x = 90 Mev. 

Figure 1 shows the angular distribution in the 
laboratory system of coordinates (l.s.), for neu- 
trons with energy 210 Mev and a lithium target. 
The form of the angular distribution does not dif- 
fer in its main outlines from the angular distri- 
butions measured earlier.! An asymmetry is 
observed relative to the angle 90°, with a con- 
siderable shift of the maximum of the angular 
distribution towards the smaller angles. The solid 
curve represents the angular distribution of the 
neutrons, obtained from the experimental data on 
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FIG. 1. Angular distribution of l.s. of neutrons of energy 
F 10 Mev from Li. Solid curve — calculated from the data of 
reference 2, dashed curve — interpolation of the experimental 
data. 


photodisintegration of the deuteron? by the method 
described in reference 1. The curve was normal- 
ized for best agreement with the experimental re- 
sults. The position of the maximum on the curve 
agrees sufficiently well with the observations, but 
the experimental results decrease less steeply at 
large angles. 

In order to explain the dependence of the angu- 
lar distribution of the neutrons on their energy, we 
plotted also the angular distribution of neutrons of 
energy £18 Mey (Fig. 2). In this case, unfortu- 
nately, the statistical accuracy is greatly reduced, 
but the curve drawn through the experimental points 
shows that the isotropic part of the angular distri- 
bution is in this case much smaller than for neu- 
trons with lower threshold energy (dashed curve 
Olebi gel). 

When we measured the angular distributions of 
the neutrons from lithium, we undertook simultan- 
eously to ascertain whether the measured shift 
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FIG. 2. Angular distribution of > 18-Mev neutrons from Li. 
Dashed curve — interpolation of experimental data. 


of the maximum of the angular distribution is real 
or merely due to the apparatus. As noted earlier,! 
the measured angular distribution can differ from 
the actual distribution if the neutrons have different 
energy distributions at different angles. To answer 
this question, we made the measurements for 35° 
and 130° with greater statistical accuracy than for 
the remaining angles. 

The solid curves of Fig. 3 show the energy dis- 
tribution of the recoil protons in the rear crystal 
of the ‘‘telescope’’ under the assumption that the 
energy spectrum of the neutrons from the target 
falls offas E”®@, with n= 1, 2, 3, 4. It is seen 
that within the limits of statistical accuracy no 
differences can be observed in the energy distri- 
butions for different angles. The initial parts of 
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FIG. 3. Energy distribution of recoil protons in the rear 
crystal of ‘‘telescope’’ in the case of neutrons from lithiym: 
o — for 35°, x — for 130°. The solid curves have been calcu- 
lated under the assumption that the neutral spectrum has a 
form ~ E™. 
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FIG. 4. Energy distribu- 77 
tion from Li(@;,, = 75°); 
x—of neutrons, o—of pro- 
tons. 
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both energy distributions can be described by 
means of a decreasing power-law function with 
exponent n between 2 and 3 (in agreement with the 
measurement of the energy distribution of the neu- 
trons from Li with ‘‘telescopes’’ having thinner 
converters, the results of which are shown in Fig. 
4). In any case, it can be stated within the limits 
of statistical accuracy that the exponents n of the 
two energy distributions differ by less than 2 in 
the initial parts (which make the main contribu- 
tion to the total number of neutrons). We have 
calculated the extent to which an angular distribu- 
tion of the form A + B sin? 8 will be distorted by 
the dependence of the ‘‘telescope’’ efficiency on 
the neutron energy, if the energy distribution at 
130° can be described by a power-law function 
falling off with an exponent n = 3, while the ex- 
ponent for 35° is equal to 2. It was found that the 
maximum actually does shift towards the smaller 
angles, but only by about 6°. An analogous calcu- 
lation for n=2 and n=4 produces a shift of ap- 
proximately 12° in the maximum. It is seen that 
even if n differs by 2, we still cannot obtain in 
this case the experimentally-observed shift towards 
the smaller angles. Consequently, the measured 
strong shift of the maximum of the angular distri- 
bution of fast photoneutrons towards the smaller 
angles is not an apparatus effect. The existence of 
a shift of this kind in the angular distribution of 
the neutrons was noted by Ferrero et al.’ at a low 
bremsstrahlung energy (31 Mev) and a lower neu- 
tron registration threshold (~5 Mev). According 
to data by others’ §® the angular distribution of the 
photoneutrons is of the form A+B sin? §. The 
asymmetry in the angular distribution can be ex- 
plained qualitatively by the quasi-deuteron mech- 
anism of interaction between the gamma quanta 
and the nuclei. Calculations by Shklyarevskii, ' 
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who uses the direct-photoeffect model, do not lead 
to a shift of the maximum towards the smaller 
angles. 

We have measured also the angular distribution 
of neutrons of energy 210 Mev from iodine (Fig. 
5). The measurement could not be performed for 
35° because of the strong background of light par- 
ticles. Here, too, a strong asymmetry is ob- 
served in the angular distribution, with the num- 
ber of neutrons emitted at small angles pre- 
dominating. 


FIG. 5. Angular distri- 
bution of neutrons of energy 
t = 10 Mev from iodine. 
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The energy distributions of the neutrons from 
lithium at 75° is shown in Fig. 4. The same figure 
shows the results of the measurements of the en- 
ergy distribution of protons (also at 75°) with the 
same apparatus with the converters removed. Both 
energy distributions are given in absolute units. 
No significant difference is observed in energy 
distribution of the protons and neutrons. The num- 
ber of neutrons coincides with the number of pro- 
tons within the limits of the experimental errors 
(~ 30% ). 

The yields of fast neutrons of energy 210 Mev 
were measured with four *‘telescopes,’’? two of 
which were set at 80° (relative to the gamma- 
quantum beam) and two at 125°. We measured the 


L. A. KULCHITSKII and V. PRESPERIN 


Ee 


ative Relative 
Element eae yield Element neutron yield 
Li 1,00+0.05 Cu Oe37 20,02 
Be 1 .22+0,09 Cd Ope D=OL OP 
O 0,74£0,05 I 0.39+0,02 
Al 0,49+0.03 Bi 0.44+0.03 
Ca 0,330.02 


yields from the following elements: lithium, beryl- 
lium, oxygen, aluminum, calcium, copper, cadmium, 
iodine, and bismuth. A correction was introduced 
for the attenuation of the gamma-quantum beam in 
the target. The results of the measurements are 
listed in the table. The yields were recalculated 
for one nuclear neutron, the yield from the lithium 
target being taken as unity. For the heavier nuclei, 
starting approximately with calcium, the yields 

are approximately proportional to the number of 
neutrons in the nucleus. The yields from the light 
elements are, on the average, noticeably greater. 
The possible irregularities in the yields from the 
light elements call for measurements on a large 
number of elements. 


1L. A. Kul’chitskii and V. Presperin, JETP 37, 
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A shock wave is considered that is excited in a magnetohydrodynamic medium by a conducting 
piston moving along the magnetic field. The conditions are found under which the shock wave 
becomes nonevolutionary and splits into two magnetohydrodynamic waves. The supposition is 
put forward that such a disintegration is one of the ways of forming filamentary nebulae. 


IF contrast with ordinary hydrodynamics, two 
shock waves (fast and slow!), which do not over- 
take one another, can be propagated in one direc- 
tion in magnetohydrodynamics. Therefore, the 
study of the discontinuities of magnetohydrody- 


namic quantities on two successive shocks presents 


some interest. Such waves are formed, for exam- 
ple, by moving a piston in a magnetohydrodynamic 
medium.’ 

Let an infinite half-space x > 0 be filled with 
an ideally conducting medium and located in a 
magnetic field Hy (Hy = Hz =0). Further, let the 
medium be at rest at the time t = 0. The state of 
the system is characterized by the density p) and 
the pressure py. The medium is described by the 
equation of state of an ideal gas with a Poisson 
adiabatic exponent y = he At the time t = 0, the 
piston begins to move with a constant velocity u 
parallel to the x axis. Three qualitatively differ- 
ent modes of motion of the medium are possible, 


depending on the value of the velocity of the piston. 


Case 1: 


(Oe 8 (Ung Ca) | AU os, 


(Dvce = H» | V 4x09. 

Here the fast shock wave will have an infinites- 
imally small amplitude, while the slow shock will 
be the same as in the absence of a magnetic field. 
The velocity of the slow shock D_, and also the 


discontinuities of the density, pressure and veloc- 
ity, are determined by the relations 


D_=2u/34+V 4u?/9+¢, p2/ Po = D_/(D_— 4), 


Po = Po(1 + SuD_/3c?), A_v,=4u 
(the index 2 refers to the region in front of the 
slow shock). 

Case 2: 


iewous b= 3(U2.— GV 4Ue — 30 


In this case, the same shock wave is formally 
possible as in the absence of a magnetic field. 
However, this wave will be nonevolutionary, i.e., 
it will be unstable relative to disintegration.! Two 
magnetohydrodynamic shock waves are produced 
in the disintegration of the initial shock, with 
velocities that are infinitely close together: 


D,=D_=20/3+) 42 /9+e. 


In the region between the two waves, a transverse 
magnetic field is developed, parallel to, say, the 
y axis. The magnitude of this field is determined 
by the formula 


Hy, | Amp; = 2 (D4 — UG.) (4U tn — Di — 865) (SD 


(the index 1 refers to the region between the two 
shock waves). The discontinuities of the remain- 
ing magnetohydrodynamic quantities in these waves 
are determined by the relations 


P1/Po = De 
Pi = Po + po (Di. — Utx) (35 + D4. — Ux) / 3U bss 
po /p1=Ute/D,(D,— 4), — P2 = Po (1 + 5uD, / 3c0)» 
Nop (DU) De A_v,y =u— A, vy 


(the plus index refers to the fast wave, the minus 
to the slow; see Figs. 1 and 2). 
Case 3: 


hn, Be 
Here the fast wave will be the same as in the 
absence of the magnetic field: 
D, = 24/3 + V 42/9 +c, 
Pi = Po(1 + 5uD,, / 3c6), 
while the slow wave will have an infinitesimally 


small amplitude. 
The disintegration of the shock that we men- 
tioned can easily be observed experimentally, 


Pi/po=D,(D,—u4), 
A, 0x — u, 
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1 Akhiezer, Lyubarskii, and Polovin, JETP 35, 
FIG. 1 731 (1958), Soviet Phys. JETP 8, 507 (1959). 
2G. Ya. Lyubarskii and R. V. Polovin, Dokl. 
since the motion of the shock wave in the second Akad. Naue SSSR 128, 684 (1959), Soviet Phys.- 


case is accompanied by an electromagnetic pulse, Doklady 4, 977 (1960). 
which is absent in the first and third cases. 3§. I. Syrovat-skii, JETP 35, 1466 (1958), 
It is possible that the filamentary nebulae ob- Soviet Phys. JETP 8, 1024 (1959). 
served in galaxies are instantaneous photographs 4S. A. Kaplan, AcrpoHomuyueckuit xypHaa (Astron. 
of a set of disintegrating magnetohydrodynamic J.) 31, 358 (1954). 
shock waves. Such a disintegration sets in if the 5S. B. Pikel’ner, Uss. KpbIMcK. acTpou3. o6ceps. 


amplitude of the shock changes in the collision of (News, Crimean Astrophys. Obs.) 12, 93 (1954). 
two shocks or of a shock with a contact discon- 


tinuity, and the shock wave falls into the nonevo- 
lutionary region. 
The author expresses his gratitude to A. I. 
Akhiezer, G. Ya. Lyubarskii and K. D. Sinel’nikov Translated by R. T. Beyer 
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Results are given of numerical computation of the components of the polarization tensor for 
deuterons from elastic scattering on helium. The calculations were made for angles 40, 50, 
60, 70, and 90° in the c.m.s., over the energy range 1 — 3 Mev. The computations were 
based on the phase-shift analysis of available experimental data. 


ENOECTICATION of the scattering of polarized 
particles gives additional information concerning 
the spin dependence of nuclear forces. In addition 
to polarized nucleons, one can also obtain polarized 
deuterons by scattering on nuclei. 

As an analyzer for determining the magnitude 
of the deuteron polarization at low energies, it is 
convenient to use helium since, in the scattering 
of deuterons on helium, one should expect a high 
value of the polarization in the region of the deu- 
teron resonance energy E = 1.07 Mev, which cor- 
responds to the single-particle level in Li® with 
J = 3* and T = 0,!“% asa result of interference be- 
tween resonance scattering and potential and 
Coulomb scattering. 

The experiments available at present on scat- 
tering of deuterons by helium and the phase shift 
analysis® enable one to compute the magnitude of 
the polarization. 

If we select a right-handed system of coordi- 
nates, in which the z axis is along the wave vector 
of the scattered particle, and the y axis along the 
normal to the scattering plane, the polarization of 
the deuteron beam will be characterized by the 
four average values of the components of the ten- 
sors of first and second rank formed from the 
three-dimensional matrix components of the spin 


operator* N) 
ts ty ; 
= (iV 3/2) (Sy) T20) = Gy (38: a 


Tur = —(V 3/ 2y<iS, Sz iS, S,), 
<T 22> Se (V 3/ 2) <Sp ys (1) 


The quantity i<Ty > is the polarization vector. 
All the quantities (1) are functions of the deuteron 
energy and the angle of scattering, and are ex- 
pressed in terms of the phase shifts. The compu- 
tations made in various papers*>' do not give the 
complete energy dependence of the polarization, 


and also are in contradiction with one another in 
the region of the resonance energy.°”® 

We have carried out a numerical computation of 
the quantities (1) over the interval of deuteron 
energies from 1 to 3 Mev for angles of 40, 50, 60, 
70, and 90° in the c.m.s., in which we have used 
the relation between the tensor components and 
the phases which is given in the papers of O. D. 
Cheishvili and G. R. Khutsishvili.®’? Since the 
available data concerning the phase shift analysis® 
do not give the necessary accuracy for determin- 
ing the resonance phase in the region of the reso- 
nance, we carried out a phase analysis of the 
available experimental data using the one-level 
formula of Wigner and Eisenbud.'? The phase 63 
satisfies the relation 


[= lhay, Ff 2G), 


+t], 


for the following values of the parameters: yy 
= 1.90 Mev, Ey = 0.769 Mev in the c.m.s., a 
=3.5x10°%cm. Here Ed is the characteristic 
energy of the state of the compound nucleus, (in 
the present case ic: Yr is the reduced width, a 
is the radius of interaction, k is the wave number 
of the deuteron, FJ and Gj are Coulomb wave 
functions, and IJ is the orbital angular momentum. 
In Fig. 1 is shown the energy dependence of the 
vector i<T,,> for angles 0 = 40, 50, 60, 70°. 
For 6 =90° the coefficient of polarization always 
goes to zero. In addition to the maximum at E 
= 1.06 Mev, which had already been noted earlier, 
the curve has a second maximum at E = 1.09 — 
1.10 Mev and 6 = 60—70°. The angular depend- 
ence of the polarization coefficient changes slowly 
with energy: i<T,,> takes on its largest value 
for 6 = 60—70°. 


tané; =T,/2(£,-+ A,—6&), 


ee (F? + G2)" 
A, bs d (In kr) 


6 
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FIG. 1. Dependence of polarization 
coefficient i<T,,> on deuteron energy. 


FIG. 2. Dependence of components 


In Fig. 2 we show the energy dependence of the 
components of the polarization tensor of second 
rank, for those angles at which it reaches its 
maximum values. The components of the tensor 
are much smaller than the polarization vector, 
and are significant only over the region of the 
resonance. The results obtained are in good agree- 
ment with the data of Goldfarb and Rook? and 
Phillips,” but differ essentially in the value of the 
components of the tensor and the angular depend- 
ence of the polarization coefficient from the data 
of Pondrom.° 

The author thanks I. Ya. Barit for directing the 
work, M. V. Kazarnovskii and V. A. Sergeev for 
valuable discussions, and I. V. Surkova for help 
in the computations. 
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We consider the transition radiation of a charged relativistic particle in the case of a dif- 
fuse boundary between two media. General formulas are obtained for the main part of the 
radiation, and a detailed study is made of the case when the dimension of the diffusion zone 
Zy is much smaller than that of the zone where the transition radiation is produced in either 
medium, Ry or Rm, and also the cases when z) > Ry > Rm and Rm « z « Rp. 


ls We consider a medium whose dielectric proper- leads in turn to a simpler equation (compared 


ties vary in the z direction and remain constant in 
the planes perpendicular to this direction. We as- 
sume, furthermore, that the medium is non- 
magpelic. i.e.) — 1: 

Let a point particle of charge e move witha 
constant velocity v along the z axis. Maxwell’s 
equations for this case are 


1 oD 43 
curl H = —F + = vi (x) 6 (y) 6 (z— v8), 
core eee diy HO) (1) 
c oat 


div D = 4ne6 (x) d(y)d(z—vt . 


It is convenient to replace E etc. by Fourier 
components obtained by taking Fourier transforms 
in t, x,yand vy: 


E(r, eae ©, 2) &l—“dxde. (2) 
Analogous transformations are carried out for the 
other field, charge-density, and current vectors. 

Noting now that D(K, w, z) =€(z, W)E(K,w,z), 


we can rewrite Maxwell’s equations (1) for the 
Fourier components in the form 


2 (m,} — iH, [nxn] +i [xxHJ= — “2 eE + 5 ele, 
2 [nxE,] — iE, [mex] + i [*xE,J= = He (3) 


€ tw2/v 
é . 
2120 


se +inH,=0, 2 (cE.) + iexE,= 
Here n=v/v; E and H have components Ep 
and Hp perpendicular to the z axis and compo- 
nents Ez and H, along this axis. 
It can be shown with the aid of the first and 
second equations of the system (3) that in our case 
Ep is parallel to k and therefore Hz = 0. This 


with the equation for E) for the determination of 
Hp = H, obtained by eliminating E from the two 
first equations of (3) 


ED gba (4) 


d (5 d 
€ 2mce 


dz \e dz 
Having determined Hp as a solution of (4), we 
can obtain also E from the first equation of (3). 


Introducing instead of Hp a new function u(K, w, 
z), defined by 


H, = [nxx] Ve u(x, , 2) (5) 
we obtain the following equation for u 
" a iW 2 j 
wt E Ve a * & — x] Ls Imcye ereee. (6) 


Equation (6) can be solved in the approximation of 
geometric optics (a solution of a corresponding 
homogeneous equation, obtained in the same ap- 
proximation, is found in the book by Landau and 
Lifshitz! ). 

2. We consider now a certain € (w, z), which 
we choose in the form 

a (@) 

ih ae Bee 2 


e(o,z)=1+ a0. (7) 
€—-icg = 1 +90 (@) as 2— +°-and 4s llasez 
— —, j.e., this choice of € corresponds to the 
case of a diffuse boundary between the vacuum and 
the medium with € = €). The diffuse zone extends 
over a distance on the order of zp = 1/a. At a 

— «, the dielectric constant is € = €) for z>0 
and € =1 for z < 0, i.e., in this case we deal with 
a sharp boundary between the vacuum and the 
medium. Asa— 0, all of space is filled with a 
homogeneous dielectric with € = (€) + 1)/2. 
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We shall be interested henceforth in the transi- 
tion radiation, which occurs when a charged parti- 
cle passes from one medium into another, with a 
diffuse boundary between the media and € given in 
the form of (7). In the case of a sharp boundary, 
the transition radiation was first considered by 
Ginzburg and Frank,’ and later on by many others. 

Let a charged particle move with relativistic 
velocity; then its transition radiation is charac- 
terized by frequencies higher than optical, and the 
radiation at these frequencies is concentrated es- 


sentially in a narrow cone about the direction of 
3 


motion.’ We can then assume 
a = — 0? / 0°, Oy= 4re?N / m, 
[eles Il, ws — c2x? ~ w?. (8) 


The solution of (6) without the right half will be 
sought in the zeroth approximation of perturbation 
theory, the perturbation being the quantity —Ve 
x (1/Ve)”. It can be shown (see, for example, 
reference 4), by taking account of the fact that the 
perturbing term differs noticeably from zero near 
z ~ 1/a, that the condition for the applicability of 
the zeroth approximation of perturbation theory is 
Z) =1/a>x|a|. It is evident that a can be quite 
large for the considered interval of high-frequen- 
cies. Thus, for example, if we consider the case 
of ordinary media, for which w ~ 10.03 and choose 
w 2 10", then z) > 10° cm = 0.1 A. Sucha ‘‘dif- 
fusion’’ takes place also in the case of a real 
‘‘sharp’’ boundary. 

In our approximation, we can write Eq. (6) in 
the form 


w? ie : 
vb ae es UN Ay 2 a oe plazio 
u"+ [Fe | u ya ; (9) 
where € is given by (7). Let us find a solution of 
(9) without the right half. It is advantageous to in- 
troduce a new variable x = —e 2” and a new func- 
tion u = x’v(x). We then obtain for v the hyper- 


geometric equation 


x(1 — x) 0"+ [2v + 1 — (2v + 1) x] 0’— (W’— p?)v = 0, 
(10) 


V= ihe/ a, 


Ae = tV we, /c? — ¥?, 


b= iy / a, 

Ay = tV o/2—x?; (10) 
The plus sign in front of the radical is chosen when 
w > 0, and the minus sign when w < 0. 

The suitably chosen independent solutions of 
the homogeneous part of (9) assume the form 
Qn, 
pope =n (11) 


As z— ©, the solution u; represents a plane wave 
propagating along the z axis, while as z > —© 


y= e? F(—v+p, —v—p, 1 é,), 


Ug= e—*2F (—_v — yu, 


Ge) 
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the solution u. is a plane wave propagating in the 

negative z direction. This indeed determines the 

convenience of the choice of u, and u, as two inde- 

pendent solutions of the homogeneous part of (9). 
Using a property of hypergeometric functions, 

u,; and u, can also be written 


oe OTT EVE i te aie 


gee) 
4 eel? F(—y—p, —p+yv, 1—2u, —e%), (12) 


CE) 


y= e2T3F (—v—p, p—v, 1 —2v, 


+ e%2PoF (v—p, w+yv, 1+ 2v, —e-), 


Pi =2v) PT 2p) 
Lenw=—wrd=ry— py 
pis lr (1 — 2p) T (2v) | 
: Riv py tee =p) 2 


Riv) (2) 
Slavs] =vee ip) 
T (14 — 2p) TP (— 2) 
r(—v—p) TP (L—v—p)- 

(13) 


Solutions in the form (12) have simple asymptotic 
values as z— —©(u;) and z—~ +”(up). 

The solution of the inhomogeneous equation (9) 
is written in the form 


Zz z 


4 
oa) 


W eau se ae ans 
at =u,\ : fecha — ty \ 


5 \Ve e@z/edz + CyUy + Coll, (14) 


é 


where W = uyuy — uu, is the Wronskian, which in 
our case is independent of z; b = — ie/2mc. The 
value of W can be obtained by using asymptotic 
expressions for u,; and ug, using (11) and (12): 

W = — 2A, Ti = — 2id,19 = — i (AyD + Aal9)- (15) 

Recognizing that we are interested only in the 
region of high frequencies, where |a| «1, we 
can approximate the value of Ve in the integrals 
of (14) by unity. The resultant integrals can be de- 
termined by using the Barnes integral representa- 
tion for hypergeometric functions (see, for 
example, reference 5): 


F(G;8, 7%, 0) 
+ico 
Penk pee r(ie+9P (GAs Tis). 2, 
Oni T (a) I (B) \ lr +s) ee) 


In (16), |arg(—t)| < 7 and the integration path 
in the plane of the complex variable s is chosen such 
that the poles of the functions T(a@ +s) and 
I'(B + s) lie to the left of the path, while the poles 
of the function I'(—s) lie to the right of the path. 

Let z > 0. We consider the first integral in the 
expression (14); substituting u, from (12) and 
using the representation (16), we first integrate 
with respect to z. We have 


TRANSITION RADIATION IN THE CASE OF A DIFFUSE BOUNDARY 


es | usetlede = —Ti eooprne_t 
or 2a 
-+i00 
a \ Y(i—v—p+s)T(u—v+s)T (—s) 
= P(t + 2v +s) ([s—(o+ v)] 


—ioo 
1 


2mia 


x e425 ds — TS ef(aio—d)z 


+ico 
; f Pwv—p+s)C(w+v+s)T(—s) ae 
a oe (17) 
Here o= iw/av, 
ites rT I (4 — 2y) R272 (i + 2yv) 
*T(—v—p)T(u—y) ’ Ps Mt@—wrury: 
wg) 
We now integrate with respect to s in (17). 
Noting that | —e-2Z| <1 when z> 0, we close the 


contour of integration by means of a large semi- 
circle with center at the origin, located in the half 
plane Res > 0; the integral over this semicircle 
vanishes as |s|— ~.° Only the poles of the func- 
tion I'(—s) lie inside this contour, and the addi- 
tional poles at the points s;=a+ v and s,=o0-v 
are located on the straight-line portion of the con- 
tour (in the case of a transparent medium they 
are pure imaginary). The values of the considered 
integrals are therefore —27i times the sum of 
the residues at the poles I (—s) and of the half- 
residues at the points s,; in the first integral and 
S) in the second one: 


co n 
i(@/o-+rs)z (—1)* T(—v—pwt+n)T(wp—v +n) 
Ns =e ot >, n! Td —2v+n)[n—(64+V)] | 


n=0 


SL eae __ a P2 eee 
? use 


— (—1)* Piv—pinP tytn), aon 
x 2 n! Pd +2v-4n)[n—(G—vl © 


(5+) T(—s—v) 


A! \T Tic—p)t 


Bailly = r(ii—v-+s) 
eee (=s- Bp) 18 
ts rii+v-+s) j (te) 


Analogously we calculate the second integral in 
(14), and in this case we use the expression (11) 


for u,. Asa result we obtain from (14), at z > 0, 
sie a az 
v= Ao {7 (= hg 6, 6) 0 (Vy) 65 eo) (19) 


LT — 65) — B) — 5, EAC, a) Catala 


In (19) we have introduced the following notation: 


: Ti +2v)P(o—pw)lu@+tsT(i—s+v) ao 
P= — aa onretyrdtyts 7 
v (V, L, 6, ee) V B, v bb; f= 2y; See) 
P (1 + 2v) oe (Vth) 5 -a2n, 


oes 
eee 3 Tr (4+ 2v +n) [n— G—Vkj9°") 
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In addition, we have used in the derivation of (19), 
the identity 


Cen —v) +T30 (s, eV) == ory, = ty (19747) 


which is easy to prove by using the property of the 
gamma function 


Pd —z)P(z)=2/sinzz. 


Let us consider now the region z < 0. In the 
calculation of the integrals in (14) we have used u, 
from (12) and uy from (11). In this case, inas- 
much as the argument | —e®| of the hypergeo- 
metric functions is less than unity when z < 0, the 
contours of integration must also be closed by an 
infinity semicircle in the half plane Res> 0. The 
poles of I'(—s) again lie inside the contour, and 
the additional poles at the points s; =—o+wp and 
S4= —o-vp lie on the linear portion of the con- 
tour. As a result of taking the residues at the 
poles of I (—s) and the half-residues of the 
point s3 and sy, we obtain for z < 0 


W 1 
— 
a 


; efezeT {vu (—p, —v, — 4, e%) 


—v(p, Se e#)} — 3 T(—a, Vv —(s) 


“il oa (5, fb, —V) 4- Cyt -+ Colle. (20) 


The term proportional to eiwz/V in (19) and (20) 
is the result of taking the residues at the poles of 
the function [(—s); the next two terms, propor- 
tional to the solutions u, and u, of the homoge- 
neous equation, occur when the half-residues are 
taken at the points s; and s» (19) and ss and sy 
in (20). 

The first terms in the braces in (19) and (20) 
correspond to the field of the particle. This can 
be readily verified by going to the limit of large a 
in both formulas, corresponding, as already men- 
tioned, to a ‘‘sharp’’ boundary between the vacuum 
(z < 0) and the medium with € =€)(z> 0). In 
this transition to the limit, the first terms of (19) 
and (20) yield 
ie[nxx]  @f@?/? 
207C ~w?2 / v2 — 


Hei. = [nx«] V ew p= [mx] Up= — 


i.e., the field of the particle in vacuum (subscript 
1) and in the medium (subscript 2), something 
that can be readily verified directly Leona 
also with formula (3) of the paper by Garibyan’® ke 
The remaining terms in (19) and (20) describe 
the radiation field. The constants c; and cy, in 
(19) and (20) can be determined from the condition 
that as z— © the radiation field in (19) should 
consist only of waves propagating in the positive 
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z direction, while as z— —© the radiation field 
in (20) should be described by a wave going towards 
minus infinity. From these conditions, using the 
asymptotic values of u; and u, obtained with the 


aid of (11) and (12), we get 
= oT (— 5,4), Cg = —@ *I'(6, pw, —v).(22) 


Thus, the radiation field is written for z > 0 in the 
form 


ee - T'(—s, v, —p), (23) 
and for z < 0 in the form 
W ; 
7 rad = 1 (5, u, —V). (24) 


The radiation determined by (23) and (24) is the 
transition radiation in the case of a diffuse boun- 
dary, ‘‘forward’’ (z > 0) and ‘‘backward”’ (z < 0) 
respectively at high frequencies w > w). This 
can be verified by putting p = v, that is, by going 
to the case of a homogeneous medium with € = €y 
= 1+ a. In this case the radiation field vanishes 
in (23) and (24). We notice also that expressions 
analogous to (23) and (24) can be obtained for 
transition radiation also in the more general case, 
by choosing instead of (7) another expression for 
the dielectric constant: 
as (7’) 


a eee 


which corresponds to a medium with € =€,+ &€) 

as z— +, and to a medium with € = «,+ 1 as z 
— —*, With such a choice of €, only the definition 
of A, and A», in (10’) would change in the given 
results, for we would have: 


M=tVo (rl) eae 


me Vne(eyeeyirce x: (1@a) 

Formulas (23) and (24) could be obtained also 
in a somewhat different manner, by assuming the 
presence of small imaginary parts of €;, and €). 
In this case the additional poles [for example, at 
the points s;=o0+ v and sp =o — v in the calcu- 
lation of the integral I, in (17) ] would shift to 
opposite sides of the path of integration, and for 
z> 0, using (16) for uy, we would have to take the 
total residue of only one of the poles. When z < 0, 
the integration contour [again using (16) for u, ] 
would have to be closed by a large semicircle in 
the left half plane Res < 0, and the additional res- 
idue would be then due to the presence of the sec- 
ond pole. Proceeding similarly in the calculation 
of the second integral in (14), and again deter- 
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mining the constants c; and c) from the radiation 
conditions, we arrive once more at (23) and (24). 

3. Let us consider now the intensity of the 
radiation ‘‘forward,’’ the main part of which, in 
the case of a relativistic particle, is known®’® to be 
concentrated in the frequency region w > wy. For 
this purpose we consider the flux of the Poynting 
vector through a sufficiently remote point perpen- 
dicular to the z axis. The electric vector of the 
radiation field will be obtained from the homogeneous 
part of the first equation of the system (3): 


E, = E; (x, @, 2) = ——A, [nxH,]. (25) 


We have 
- =F \lE(r, 1) He (r, t)Jadxdydt 
= — 2n%c?\ ® [(nxH, (ee , Z)] xH, (— %. =O, z)| dxdw 


ox? 
oO 


u(%, @, 2)u(—%x%, —o, z)dxdo. (26) 


=— ante 


The quantity u(K, w, z)u(—Kk, —w, z), which 
enters under the integral sign in (26), can be 
written by using (23), (19’), and the formula 


P(r (—) =—e/tsin x (27) 
in the following form: 
1049, )4(—4, 0,2) = etn 
U c2q2 a o2 — v2 ey. Be Ae: 
2 *) (28) 


x sina (vV—p) sina (u+s) sin 2nv 
sin mt (6 — Vv) sina (6 —p) sina (s+ v)sina(v-+ p) 


a) Let us analyze now in greater detail the 
particular case of the general formula (26), when 


[o—v| <1 


for all significant values of the angles and frequen- 
cies. We can then readily see (we recall that o, 
uu, and v are pure imaginary) that 


CV aoe a (29) 


sin t (uw + 6) sin 2nv 
sin (s+ V) sina (v + p) 


__ cos m (uw -+ 6+ 2v) —cos x [(u — v) + (6 — v)} 


cos m(u-+6-+4 2v) — cos a [(u — v) —(6— V)] 
ee 2x? (uw — v) (6 — v) 
ley eae em es (30) 
sin 1 (ft — v) 
sin (6 — ¥) sin (5s — p) 
peaal (u — 'v) m0” , 
me eae (tg ee le) 


Neglecting the squares of small quantities com- 
pared with unity, we obtain the flux Sp) in the 
zeroth approximation by substituting (29) and (28) 
in (26). Putting in (26) k = (w/c)V€y sin@, where 
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0 is the radiation angle, and replacing v, uw, and 

o by their expressions in (10’) and (17’), we carry 
out the integration in (26) with respect to 

y(dk =Kdkdq@) and write down the integral with 
respect to w from minus to plus infinity as twice 
the integral from zero to infinity (the integrand is 
an even function of w). We can then readily note 
that the main contribution to the radiation is made 
by small angles 6 © v1—f? and high frequencies, 
which do not exceed, however, the limiting fre- 
quency W)jm = &)/2V1— 62. Making use of this, 
we integrate in (26) first over the frequencies and 
then over the angles. We thus obtain for Sp the 
well-known? expression 


So= €@, / 3c V 1 = 2B? (31) 


Calculation of the next terms of the expansion 
in (30) and (31) in the region of small angles and 
at frequencies not exceeding the limiting frequency 
(terms which are essential for the calculation of 
the principal term and for which the assumed 
smallness of the differences 1 —v and o—up is 
valid) leads to a correction to (31), by which (31) 
is multiplied by 1—b?(z)/R)lim)?. Here b* is 
some numerical factor on the order of unity and 
R,lim is the formation zone for the limiting fre- 


quency, R,lim = c/wV1—2 > zp [by virtue of (29) ]. 


The conditions for the applicability of the ob- 
tained result have the following form [see (29) ] 


Z<R, (@, 9), 
Here (see references 3 and 6) 
Ry (@, 8) = 


29 < Ral, 9), (29’) 


We Oc 1h 


Cc 
wo (1—B + 6?/ 2) 
is the formation zone for the frequency w in the 
vacuum, 


Cc 
pee = @ (1— 8 + of / 20? + 67/ 2) 
is the formation zone for the frequency w in the 
medium (Rm < Rp, and wey = we /ac is some 
critical frequency, with wor K W]jm by virtue 
of the first condition of (29%), written out for the 
limiting frequency; Wey > Wy if 2 > Xp = C/wo, and 
Wor < Wo if Zp < xX, and consequently the result ob- 
tained is true for the frequencies in the following 
intervals: 


Oy) <SOarK OL Mim, if Zo > %o» 
0) KOS im 5 if Zo < Ao. 


b) Let us consider the opposite case, when the 
diffusion is much greater than the formation zone 
in vacuum (and hence in the medium), 


Zo S> R, (o, 9), (32) 


Zo Rnr(o, 6). 


Unlike the preceding case, the intensity of the 
transition radiation is expected to diminish sharply 
here. Inasmuchas |u+ o| > |o—p| > 1 and 
lo+ vl > lo-pl> 1, the ratio of the sines of the 
sums in (30) is exponentially close to unity, and 

sin 7 (lu — v) 
Sin 1 (6 — p) sin x (6 — v) 


== s|- : {e—2n |o—v | _ e—2n |o—# 1}, (33) 


where the plus sign in (33) pertains to w > 0 and 
the minus sign to w < 0. 

Writing down the expression for the intensity, 
we find now 


[ee] 


Po ; sin’ 9 cos §d fw (1 — rm) 
ie \ doo\ [1 — B? 1 — ep sin? 0)] [1 — Bre, cos? 6] 


= 


x|exp{— a (I BVT —& sO} 


— exp {- 2? 1 — 8 7% cos 6}} | 
We see from (34) that the region of small angles 
6 ~v1—f2 is essential to the integral. 

Considering that the radiation in (34) is small, 
as can be readily noted, we need merely estimate 
it. Since the angles @ are small, we can rewrite 
(34) approximately as 


(34) 


_ & er 48ag 
Se ees 
0 
210 62 
© oexp|— av (18+ >| STOR a 


where b = w)*(1—f? + 67). Taking the largest 
values of the functions w/(1+ bw?) and 1 
—e™cr/“ outside the integral with respect to 
wl wer > Wy by virtue of (32)] in the considered 
frequency interval, and estimating then the inte- 
grals with respect to 0, we get 
S<GeeyT— B exp[— 1 — 8), 


16m ac 


(36) 


i.e., the radiation is negligibly small in this case, 


as expected. 
c) Finally, we consider still another particular 
case of the general formula (25), when 


Rm(@, 9) <2 <Ro (@, 8) 


for the frequency interval under consideration. 
We see from the expressions for Ry and Ry that 
the condition (37) holds for small radiation angles, 
provided 


(37) 


] — << 02 / @?. (37’) 


The conditions (37) denote that |o —yu| «1 and 


|o —v|>> 1, and therefore | — vl =|(o—v) 
—(g—up)|> 1. At small radiation angles, which 
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are significant in this case, too, the last condition 
can be rewritten also in the form w «K Wey. Ac- 
cording to conditions (37) and (37’), wo, = wh /ac 
can be both greater and smaller than the limiting 
frequency, and remains in the latter case much 
greater than Wy. 

In our case the ratio (30) is again exponentially 
close to unity, and 


sin mt (u — Vv) 
sin = (5 — Vv) sin (6 — p) 


et lou | m2 4 
aan E | (s—p)? 4 ene (38) 


In this case the calculation of the intensity, with 
allowance for (37’), leads to 


2? 18 
oli: 
Itc Myc 


So (39) 


The spectrum is independent here of the frequency, 
as can be seen from (38), and the radiation is con- 
tained in the interval Aw = wy — wy, Wy K Wy < we 
< min(Wer, Wlim). The limitations on the upper 
boundary of the interval follow from the require- 
ment w « Woy and (37’). When estimating the 
corrections to formula (39), which arise when the 
next terms of the expansion in (38) are taken into 
account, it is found that (39) is multiplied by a 
factor 1 — b*z)/Ry(w,), where b’ is a constant 
on the order of unity. 
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J. Exptl. Theoret. Phys. (U.S.S.R.) 39, 1020-1022 (October, 1960) 


It is shown that the specific effects that occur in the vicinity of thresholds for inelastic reac- 
tions can be treated in the general case by using dispersion relations. 


ibs a series of recent papers, 4 attention has been 
called to the specific effects of inelastic processes 
on the characteristics of elastic scattering in the 
vicinity of thresholds for the inelastic processes. 
The specific effects which have been pointed out in 
references 1—4 consist in the occurrence of dis- 
continuities in the properties of elastic scattering 
in the vicinities of thresholds for inelastic proc- 
esses. The basis of these papers is the use of the 
unitarity condition ( relating the amplitudes for 
elastic and inelastic scattering) and the treatment 
(on the basis of the quantum-mechanical Schro6- 
dinger equation) of the asymptotic behavior of in- 
elastic processes in the vicinity of the energy 
threshold. 

In the present paper it is pointed out that the 
investigation of specific threshold effects can be 
carried out in general on the basis of dispersion 
relations. 

1. The mathematical basis of the present inves- 
tigation is the set of theorems of Muskhelishvili,’ 
concerning the behavior of integrals of the Cauchy 
type near their limits:* Suppose that g(E) 
= Imf(E) satisfies the Hoelder condition in the 
interval E € [E;, ~) with an exponent » =1 and 
g(E,) =Imf(E,) = 0.1 Then the Cauchy integral 


ee (1) 


{ Cc 
h(E)=— P| fe 


E1 

defines a function h(E) = Ref(E) which, for E 

€ [E;, ©) also satisfies the Hoelder condition 
with exponent p if p< 1, and with exponent p’ = 1 
— € where € > 0 is an arbitrarily small number, 
if ~=1. The expression h(E) is an analytic 
function for E < E,, tending to a definite limit 
when E— E,; — 0. We remind the reader’ that 
the function g(E) is said to satisfy a Hoelder 


*We state only that part of the theorem of Muskhelishvili 
which is necessary for the following presentation. 

tThis condition is known to be satisfied in the physical 
applications treated here. 


condition with Hoelder exponent p> 0 for E 
€ [E;, ©) if for arbitrary Ex, Em of [E;, ©) the 
relation 


| g (Ex) a (Em)| << A | Ex ae Em ee 


holds, where A> 0. 

We now call attention to the following natural 
extension of the result given above. 

Theorem. Let u< 1 be the maximum value of 
the Hoelder exponent* for the function g(E) 
=Imf(E) onthe interval E € [E;, ©), where 
g(E;,) =0. Then the Cauchy integral (1) defines 
a function h(E) = Ref(E) which, for E € [ Ej, ~) 
also satisfies the Hoelder condition with maximum 
value of the exponent p < 1. 

The proof of the theorem is almost obvious. In 
fact, let us assume the contrary, namely that h(E) 
for E € [E;, ©) satisfies a Hoelder condition with 
exponent y;, where 1> pu,> pu. Defining the func- 
tion £(E) 

g@)=) 9 oo 
\g (E), E El[E,, oo), (2) 


we obtain, in place of (1), the expression 


h(E) = Ref (E)=—P \ CAE ae", (3) 
where, on the basis of the theorem of Muskhelish- 
vili which was stated above, the function h(E) for 
E € (—, ~) satisfies the Hoelder condition with 
exponent p,;> p. Then making use of the unique- 
ness of the Hilbert transformation (cf. reference 
5) (under the natural assumption that |f(E) | 
=|h(E) + if(E)| falls off for |E|— ©), we ob- 
tain 

g(E)=Imf(E)y=—-—P | peek’, ECL, ©). 
=e (4) 


On the basis of the theorem of Plemelj and 


¥*The maximum value of the Hoelder exponent 1s actually 
determined by its value for E = E,. 
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Privalov (cf. reference 5) g(E) =Imf(E) for E 
€ [E,, ©) satisfies the Hoelder condition with ex- 
ponent p; >, which contradicts the starting condi- 
tion of the theorem. 

Starting from the theorem which has been 
formulated and proven above, we obtain the follow- 
ing consequence which is basic to the remainder of 
the presentation: If g(E) =Imf(E) does not have 
a finite derivative for E = E,; and satisfies the 
Hoelder condition with maximum exponent p < 1, 
then h(E) = Ref(E) also does not have a finite 
derivative for E = E,; and satisfies a Hoelder con- 
dition with the same maximum exponent yp < 1. 

To prove this result it is sufficient to recall 
that functions having finite derivatives necessarily 
satisfy a Hoelder condition with exponent equal to 
unity. 

2. Let f(E) be the amplitude for elastic scat- 
tering, analytic in the upper half plane ImE > 0. 
On the basis of the ‘‘optical’’ theorem, i.e., on the 
basis of the unitarity condition,** we obtain 


Im f(E) = ges (E) = ze Set (E) + Ge inet (E) 6) 


where o(E) is the total cross section, og] (E) is 
the total elastic scattering cross section, and 
Jine] (E) is the total cross section for inelastic 
scattering. 

Under the usual assumptions regarding |f(E)| 
for |E|— ~ (actually the results obtained are 
also valid under wider assumptions concerning 
|f(E)| for |E|—~), from the analyticity of 
f(E) there follows the dispersion relation 

Ref(E)=Ref 0) +P | pele ae’. (6) 
Imf(E’) for E’ < 0 is determined on the basis of 
a condition of the type of ‘‘crossing symmetry.’”® 
Let E, be the threshold energy for the inelastic 


process. Then 
Peace, 
Re f(E) = Ref (0) + 24P\ ——_—4E 
Ey 
rs Blah esale sari es \ oS ae) 
ane E'—E 7 E’ (E’— E) 
0 — oo 


*To simplify the expression we use, without limiting 
our generality, the ‘‘optical’’ theorem for particles with zero 
rest mass. 


Ay KA E ETN 


The first integral in (7) is just the type which was 
investigated in Sec. 1. The last integral in (7) is 
an analytic function of E for E~ Ej. 

On the basis of the results of the preceding 
paragraph we arrive at the following description 
of the specific threshold effects. If the total cross 
section for inelastic scattering at the threshold E 
= E, has a discontinuity, i.e., does not have a 
finite derivative for E = E;, then Ref(E) — the 
real part of the elastic scattering amplitude which 
characterizes the phase-shift analysis — also does 
not have a finite derivative for E = E;. Moreover, 
the maximum value of the Hoelder exponents for 
E = E, for ojne] (E) and Ref(E) coincide. In 
particular, if E, is the threshold for an inelastic 
process of the first order,’ i.e., dinel (E) 
~vVE—E, for E~ Kj, then the singularity of 
Ref(E) at the threshold E = E, is also of this 
same order. If the threshold for the inelastic 
process is of higher order, then one must apply a 
similar treatment investigating, in place of the 
dispersion relations for f(E), the dispersion rela- 
tions for the derivatives of f(E) of the appropriate 
order. 


Note (Added May 9, 1960). After the present paper was sent 
to press, I was informed of the paper prepared for press by 
L. I. Lapidus and Chou Kuang-Chao, in which they investi- 
gated threshold effects, within the framework of the disper- 
sion relations, for the specific process of scattering of y 
quanta by nuclei. I am grateful to L. I. Lapidus for informing 
me of his work. 
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The scattering of light and y rays on isolated and overlapping magnetic sublevels is consid- 
ered. A new method is discussed for the experimental determination of the Stark constant 


and the gyromagnetic ratio. 


IR. tema in connection with the development 
of the Méssbauer method‘? and the first experi- 
ments on the nuclear Zeeman effect,‘ the study of 
the resonance scattering of y rays on isolated 
nonoverlapping magnetic sublevels has taken on a 
definite meaning, as has the case in which several 
of the sublevels overlap. Similar questions arise 
in the consideration of processes of the emission 
of light and y quanta during various excitation 
mechanisms. One of the authors’ has shown that 
sufficiently general methods can be suggested 
along these lines for the measurement of the 
splitting and displacement of quantum levels. 

In the present paper we treat as an example the 
method suggested in reference 5 for the determi- 
nation of the Stark constant of an excited atom by 
means of the observation of the resonance scatter- 
ing of light in parallel electric and magnetic fields 
(Sec. 1). 

In Sec. 2, a partial analysis is carried out of 
the effect of a magnetic field on the resonance 
scattering of y rays under the conditions of appli- 
cation of the Mossbauer method.’ 


1. DETERMINATION OF THE STARK SPLITTING 
OF THE EXCITED LEVELS OF AN ATOM 


We consider the resonance scattering of light 
on atoms by means of some excited intermediate 
state.* We shall introduce the following notation: 
Tt is the lifetime of the excited atom, j is its angu- 
lar momentum, m is the projection of the angular 
momentum on the z axis, Ey is the energy of the 
level with projection m, Ay is the amplitude of 
resonance scattering, corresponding to this level. 

In the absence of external fields, all the Em 
are identical; therefore, the amplitudes Ay, add, 

*The considerations given here apply also to other 
means of excitation of the atom, for example, to electron 
excitation. 


so that the differential cross section of resonance 


scattering is 
2 


Ve ae (1) 


m=—j 


We further superpose a strong magnetic field on 
the scatterer in the direction of the z axis (the 
field is considered strong if the separation of 
levels with different m produced by it is much 
greater than the natural width of the excited 
level): 


TE, = Ein, | hh, Mm, = My. (2) 


We shall assume that the intensity of the radiation 
incident on the scatterer undergoes little change in 
the energy region of interest to us. 

In this case the contributions of the states of 
the excited atom with different m add without in- 
terference, so that the resonance scattering cross 
section is 


/ 
W= >; {An (3) 


m=—j 


We now superpose an electric field on the scat- 
terer in the direction of the z axis. The energy 
levels in this case (i.e., in the presence of both 
fields) are given by the formula 


EAS Bit te Ginies 


from which it is seen that the values of the field 
can be so chosen that some of the levels with dif- 
ferent m will coincide: Ey, = Em, for m,; # Mm). 
The contributions of these states to the resonance 
scattering will interfere with one another, and we 
get for the scattering cross section 


j 
VA Ane Anh anl aera) 


m=—j 


TA1 
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The coincidence of levels will be broken up upon 
change of either of the fields; when this ‘‘disorder- 
ing’’ reaches such a magnitude that the condition 
(2) is satisfied for all m; and m, (m; # m,), the 
scattering cross section again takes the form (3). 

Thus the dependence of the resonance scattering 
on the magnetic field for a fixed electric field is a 
curve which is constant everywhere, except for re- 
gions in which a partial overlapping of levels with 
different m takes place, and where the curve has 
narrow extrema; the location of these extrema can 
be accurately determined and used for the experi- 
mental evaluation of the Stark constants. 

It is significant that the motion of thé atoms and 
the Doppler frequency shift of the photons associa- 
ted with that motion do not affect the picture given 
above; therefore, anelectric field that is sufficient for 
its observation is one that separates the levels of 
the excited atom by an amount which is large or 
comparable with the natural, but not with the 
‘‘Doppler’’ width of these levels. We note that for 
the existence of the effect described above it is 
necessary that reorientation of the angular mo- 
mentum of the atom as a result of collisions not 
take place within the lifetime of the excited state. 

To be specific, we assume that the ground state 
of the atoms of the scatterer have zero angular 
momentum, while the excited state, by means of 
which the resonance scattering takes place, has the 
angular momentum 1. 

In the absence of external fields, the differential 
scattering cross section is equal to 


W =W,=1-+ (ny n,)? 


(here and below n,; and ny are the directions of 
the photon before and after scattering; ny) is the 
direction of the external field). 

In a strong magnetic field we have 


W = W, = */o[1 + (mmo)? (ne Ny)” — "Yo [(fa Mo)? + (ng Die 
Finally, Eq. (4) corresponds to the expression 
W =W, = W, + (1; Mp) (mgn,) (MN) — (MyNo) (Mz N)]- 


The ratio W,/W, varies (for different n, and n,) 
from 0.82 to 1.18, which is quite sufficient for ob- 
servation of the effect and for the experimental 
determination of the Stark constant. 

In similar fashion we can measure the value of 
the nuclear quadrupole splitting, investigating the 
nonmonotonicity in the dependence of correlations 
on the magnetic field intensity directed parallel to 
the gradient of the electric field of the crystal. 
This effect was observed experimentally in the 
work of Albers-Schonberg, Alder et al.,® but itis 
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impossible to consider the explanation given there 
and in reference 7 as sufficiently clear. 

The dependence of y—y correlation on the 
magnetic field, in the case when the interaction of 
the spin of the intermediate nucleus with the elec- 
tron shell of the atom creates a hyperfine splitting 
of the atomic energy levels, has a character simi- 
lar to the foregoing. For certain values of the 
applied magnetic field some of the levels of the 
hyperfine structure overlap, which leads to an 
extremum in the correlation which is associated 
with interference. 

Such an experiment can serve for the deter- 
mination of the gyromagnetic ratio of the inter- 
mediate state of the nucleus. It is of interest that 
the shift in levels which is made use of is almost 
completely determined by the large gyromagnetic 
ratio of the electron shell; therefore, only a small 
field is necessary for observation of the effect. 

In conclusion, we point out that the experiment is 
very close in its nature to the experiment on the 
observation of the external magnetic field depend- 
ence of the resonance scattering of light from 
atoms possessing a fine structure.® 


2. RESONANCE SCATTERING OF y RAYS INA 
MAGNETIC FIELD 


We denote the spin of the ground state of a 
nucleus by J and the spin of the excited state by 
j; the excited state undergoes a transition to the 
ground state with the emission of a y quantum. 
We shall assume that the states in the radiator 
with different projections of the spin of the excited 
nucleus are equally probable. The radiation ac- 
companying the transition of these nuclei to the 
ground state undergoes resonance scattering by 
the scatterer, which consists of the same nuclei 
as the radiator. 

We shall consider how the resonance scattering 
changes in the case of integral j when a strong 
magnetic field (the definition of a ‘‘strong’’ mag- 
netic field was given above) is applied to the 
scatterer. The resonance scattering in this case 
will take place only on states of the scattering 
nucleus with a projection of the angular momentum 
in the direction of the field equal to zero. 

If the transition of the excited state to the 
ground state is dipole, then the scattering at J = j 
will not occur (this follows from the fact that the 
matrix element <j100|j1j0> = 0 for integral j. 
For J =j + 1, the angular distribution of the reso- 
nance scattering Wj +, and the ratio Xj +4 Of the 
total resonance scattering cross section in the 
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field to the total resonance scattering cross sec- 
tion without the field are given by the formulas 


Wits = 1 — (mon)? j / (38j + 4), 
X41 = °/e[1 — (mom)?] (j + 1)/ (2j + 1)(2j + 3). 


For J =j — 1, the corresponding formulas are ob- 


tained by the substitution j ~ —1 — j. 


If the transition between the excited and ground 


states of the nucleus is quadrupole, then the scat- 
tering in the field will take place only for J = j 
and j +2. Similarly, we have: 
Wij42 = {(j + 8) (5j + 8) + 6j (j + 1) (ny m2)? 
— 3] (j — 1) (Mo ne)*} / (j + 3) (5j + 8), 
Wj =P? + j—1-4 (27? + 2j — 3) (mp ny)? 
3 (j — 1) (j + 2) (mo me)4} / (7? + j — 1), 


49 (j + 1) (j + 2) s , 
5 Qi +1) Gi +3) Gj Hs) eM)’ LL — (mo mi)", 


Aji = 


Xy= 15j (jf + 1) 


~ Fi —N Gi +H G+ 3) omy’ LI! — (mom)*I. 


Wj - 2 and Xj -2 are obtained from Wj +2 and 
Xj +2 by the substitution j ~ —1 —j. 

For half-integral j we take as an example the 
case in which J = 4, j = %, and the transition is 
magnetic dipole, while strong magnetic fields, 
identical in magnitude and direction, are applied 
to the source and to the scatterer. The angular 
distributions of resonance scattering in the ab- 
sence of a field and in a strong field are given by 
the formulas 


W, — 28 a 21 (n, n.)?, 
W, = 14— 12 (nym)? + 14 (n,n,)4 
—3 (ngno)? [1 — 6 (nyn,)? + (n,n,)4]. 


Here the numerical factors are so chosen that 
these formulas give the correct relation for total 
cross sections. 

The authors thank Professor M. A. Markoy and 
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the research. 
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An estimate is made of the differential cross section for inelastic scattering of neutrons by 
phonons due to magnetic interaction of the neutrons with the spin system of a paramagnet. A 
value do/dQ = 10-2’ cm? is obtained for the cross section. 


ike The theoretical treatment of the scattering of 
slow neutrons due to magnetic interaction of the 
neutron with the spins of the atoms of a para- or 
ferromagnet was given in the papers of Bloch, 
Schwinger and, in more detail including polariza- 
tion effects, by Halpern and Johnson.! The effects 
of the orbital part of the magnetic moment of the 
atom were included by Migdal and Trammell.’ 

The analysis of the effect of slight changes in 
neutron energy in passing through the paramagnet, 
because of inelastic collisions with transition of 
atoms between quasi-stationary levels formed in 
the field of the exchange forces, was given by Van 
Vleck.? However, in addition to the inelastic scat- 
tering treated by Van Vleck, one can also have 
scattering with transition of the atoms of the para- 
magnet between Stark levels formed in the crys- 
talline field. 

In the manganese compounds used by Bendt and 
Brockhouse,’ the magnetically-active shell of 
which is in an S state, such inelastic scattering 
could not be observed since, in these compounds, 
the exchange energy considerably exceeds the 
splittings produced by the Jahn-Teller effect in 
the crystalline field. 

Here we shall look at the problem of inelastic 
scattering of neutrons on Stark levels. The esti- 
mates show that the differential cross section for 
such scattering will be of the order of tens of 
barns. 

In this paper we consider the problem of inelas- 
tic magnetic scattering of neutrons due to dynami- 
cal processes which give rise to a transfer of 
energy between the spin-system and the lattice 
vibrations. The thermal vibrations of the lattice 
cause a change in the energy of interaction between 
the atoms of the paramagnet. As a consequence of 
these perturbations, there occur transitions be- 
tween the levels which are formed in the electric 
or magnetic field of the crystal (the latter result- 


ing from exchange interaction), with absorption of 
radiation of phonons of the corresponding energies. 
The various mechanisms for spin-lattice coupling 
have been treated in detail in the theory of para- 
magnetic relaxation.’ This coupling may be the 
result of modulation of the magnetic dipole inter- 
action’ or of the electric field of the crystal® by 
elastic vibrations of the lattice. In certain para- 
magnets the anisotropic exchange forces’ may 
play an important part in the relaxation mech- 
anism. 

We shall limit ourselves to the case most con- 
venient for computation, in which the spin-system 
is an aggregate of paramagnetic atoms located in 
the electric field of a crystal, while the coupling 
between the spin-system and the lattice is achieved 
by modulation of the electric field by the lattice 
oscillations. Under the influence of thermal os- 
cillations the atom continually carries out radia- 
tionless transitions between Stark levels. Ina 
transition from one Stark level to another the 
effective magnetic moment of the atom changes. 
The magnetic interaction of the atom and the neu- 
tron will thus be an oscillating quantity. 

In the scattering of neutrons by a paramagnet, 
there is a certain probability for exchange of 
energy between neutrons and phonons via the spin 
system through magnetic interaction — magnetic 
inelastic scattering by phonons. The classical 
analog of this process is the effect of change of 
energy of particles passing through a potential 
barrier whose height varies with time as V =A 
x cosxSinwt, for |x| = 7/2. 

2. The scattering is described by the equation 


ANG 
(Hy + Hi +Ha)p=ine, (1) 
Hy is the Hamiltonian for the stationary state of 
the atom and free motion of the neutron, Hy, is the 
spin-lattice interaction, H, is the magnetic inter- 
action between atom and neutron. 
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To estimate the order of magnitude of the 
cross section we use the Van Vleck expression for 
the operator for H,:° 


Ay == > vie Oe 
m (2) 


Ss) av”) 04, 
3 ZA B > 
09; IQ, 


Qm — Di ami q > vy? — 
4 


where qj is the normal coordinate of the lattice; 
Qm is a linear combination of normal coordinates 
qj which depends on the symmetry type of the 
crystal; ay j is a coefficient depending on the di- 
rection of propagation and polarization of the vi- 


ale Sa) oe Sip ysis tl (3) 


— js? 
l iT, ry | 


where Q] is the operator for the current density 
of the /’th electron of the magnetically active shell 
of the atoms, rn, r7 are the radius vectors of the 
neutron and the 7’th electron respectively, u 
= (e*y/mc’) 8 is the magnetic moment of the neu- 
tron. 

Substituting (2) and (3) in the formula for the 
transition probability (cf. reference 8), we obtain 
for collision with absorption of a phonon, 


brations. On the other hand 
wish? _ 2H | » “Po 7, — 1, B’ | A, | Po. n,, B> <p, n, —1, 8" | H,,| po. n, —1, 8 _ <P, 8] A, | iat, B> <r, 1.8, pli, In, B p>/? 
Ne, De a : e 
s h | ng’ AE ge, + ho, AE gage + (p? — p?) /2M 
V5 
x 6 \ IM ho, i AE ger } dp, 


where p is the neutron momentum, ng the number 
of phonons of frequency w, with polarization and 
propagation direction s*, and 8 denotes the state 
of the atom. 

Let us restrict ourselves to the case £” = B. 
The cross section for this scattering is obtained 
after integration over the momentum space p and 
averaging over all directions of polarization and 
propagation s of the lattice vibrations. 

The matrix elements of the operators Hj, and 
Hn are independent of one another, so that the 
averaging can be done separately. In particular 
the expression 


9 a 2 
2 y nT’ gq” 4 Po EF 1 ~ Pp a \ 
a <p, B'|Hn|Po> B’ 2 2M + ho) dp~ ~ ( z) 


coincides with the cross section for magnetic 
inelastic scattering with transition of the atom 
from one Stark level to another, in the Born 
approximation.!” 

The matrix element of the operator Hy, splits 
into a product of two factors, one of which depends 
only on the lattice variables, and the other only on 
the coordinates of the magnetic electrons of the 
atom: 
> <n, —1]9;)2,><B LV! B> |? 


| <a; 
8x | mis 
ATs > AE gg: + ho, 


B’, s,m 
. -_10 
After averaging, we obtain 


h —fien, [kT] 
{<ns — | [qz| ns >Plav =5,-l1 —e sk ee 


In the case of isotropy of the velocity of propa- 
gation of sound in the paramagnet, ”° 


(G2) av = 15x? R? w?/ v2 , 


where R is the interatomic spacing, vg is the 
velocity of propagation of sound in the paramagnet. 
The matrix element <f’| V‘™)|8> for this mech- 
anism of relaxation is a quantity of order e’/R?. 

As will be shown in the following, the scattering 
has resonance character. The interference terms 
which appear in the summation over #’ will not 
give a significant contribution to the scattering, 
so that the summation over 6’ can be omitted. 

For the matrix element of the operator H], we 
obtain 

60z77e4 ho 


kins — 1, B’| Hi|ns, > P= 
iNtCS B’| L| s» B> | oR? 4 e—ho/kT 


The dependence of the scattering cross section 
on the energy of the absorbed phonon is essen- 
tially determined by the factor (AEge + hw Van 
= &-*, which diverges for & —~ 0. In the regions 
—— 0 it becomes important to take account of the 
width of the levels Eg and Eg: (cf., for example, 
reference 8, page 196). The effect of interaction 
of the atom with the neutron which is scattered 
also results in a certain distortion of the relaxa- 
tion process in the neighborhood of resonance. 

The interaction energies Hj, and Hy are quan- 
tities of the order of 0.01 cm~!. We shall restrict 
ourselves to values |é| > | Vpert |. In paramag- 
netic salts of the rare earth elements, the energy 
of Stark splittings is AE = 100 —10 em7}, Vs 
~ 10° cm/sec. Taking a value = 0.1 cm 
obtain an order of magnitude of the cross section 
for one-phonon scattering in the resonance region 
equal to do/dQ2 ~ 10°? cm’. 

Modulation of the electric field by lattice vibra- 
tions with frequencies Wg and Wg can be repre- 
sented as a modulation by the frequencies Ws, 
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=}. Wg and Ws — Wq- Thus, the change in electric 
field by lattice vibrations with frequencies close to 
the resonance w can be caused by any two frequen- 
cies which are related by wg — Wg = w. Therefore 
almost the entire spectrum of lattice vibrations 
participates in the two-phonon process. 

For the same values of &, the order of magni- 
tude of the cross section for two-phonon scatter- 
ing with absorption of energy h (wg — Wq) = hq 
is given by the following expression: 

of — qo, 
(AE Hho, )* Pes 4s, 


Ws fp (=) 245 15 e8 h2 \ 
dQ ~~ py \mc? oe R4 


Pwes is the density of oscillators of frequency wg. 
Integration over the domains of q, weg — & and 
weer +, Wmax gives the value do/dQ = 107" cm’?. 

The mechanism for inelastic scattering of neu- 
trons which we have considered here is caused by 
dynamical processes which are studied in the 
theory of paramagnetic relaxation. Contributions 
resulting from three-or-more-phonon processes'! 
have not been treated in detail in computing relax- 
ation times. 

For temperatures of the order of 300°K the 
values of relaxation times computed including two- 
phonon processes are in satisfactory agreement 
with experiment. 
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A theory of the yd reaction on light nuclei is developed within the framework of the indepen- 
dent-pair model in the small correlator approximation. The mechanism of excitation of the 
product nucleus through rapid variation of the self-consistent field of the nucleus in the emis- 
sion of a pair of nucleons is considered, and the probability of excitation in the region of the 
continuous spectrum is calculated for the case of independent particles. Correct values for 
the yd cross sections on light nuclei and the shapes of the energy spectra and angular dis- 
tributions can be obtained by using the literature values of the parameters involved in the 


theory. 


l. Several experiments on a detailed investigation 
of the yd reaction on several light nuclei have been 
recently reported.‘~3 The most interesting results 
are the large ratios of the cross sections, 0.4/0 p? 
and the indication that transitions with excitation 
of the product nucleus of the reaction make a con- 
siderable contribution. 

We thought it interesting to investigate the char- 
acteristic features of the yd reaction on light nu- 
clei, using existing ideas concerning the structure 
of atomic nuclei. In the present paper we use the 
independent-pair model*® to formulate a theory of 
the yd reaction for light nuclei. In this model we 
consider, in addition to the general self-consistent 
field, also the pair interaction that lead to correla- 
tions of the nucleon motion. The wave function of 
the nucleus can be written in the independent-pair 
model in the form* 


E = | pa, (1) Pa, (2) + + +» Pan (2) | (1 > 2xes)» (1) 


where Ya; (i=1, 2, ...n) are the single-particle 
wave functions, and Xjj are the correlators. The 
small-correlator approximation is used: xjj «1 
at distances on the order of the mean distance be- 
tween the nucleons of the nucleus. 

The theory proposed is based on the assump- 
tion that the deuteron is produced in the yd re- 
action as a result of the interaction between a 
proton which has absorbed a y quantum, and a 
neutron which is in the s state relative to the 
proton. Since the interaction is accounted for ex- 

*In formulas (1), (11), and (12) the vertical lines denote 
normalization and antisymmetrization, i.e., the operation (N 1)" 
Det |...|, where N is the number of particles in the system. 


actly in the independent-pair model (at least in 
principle), this interaction, which is responsible 
for the emission of the deuterons, is considered 
in the theory of the yd reaction with sufficient ac- 
curacy even in the wave function of the nucleus. 

The transition of the product nucleus of the re- 
action to the excited state is investigated in the 
approximation of the model of independent parti- 
cles, and the results of this part of the investi- 
gation are preliminary. 

2. We write down the Hamiltonian of the initial 
nucleus in the form 


A (1, 2, §) = Hy+Ve = He (6) 
+ H (1, 2)+ Ve(1, 2, §). (2) 


Here H(1l, 2) =1T,+ Ty + Vig, where T,,. are the 
kinetic energies of the two separated nucleons, 

Vig is their interaction, He is the Hamiltonian of 
the remaining A — 2 nucleons of the nucleus, é are 
the coordinates and other variables of the remaining 
A — 2 nucleons, and V, is the interaction between 
the separated nucleon pair and the remaining ones. 
The operator of interaction between the gamma 
quantum and the nucleus is denoted H c We intro- 
duce W = w|1¢), where w is the wave func- 
tion of the ground state of the initial nucleus and 
|1¢) is the state of the electromagnetic field with 
one photon of energy hw and polarization ¢. In 
the final state there is a deuteron and residual 
nucleus, but no photons. The assembly of eigen- 
functions of the free Hamiltonian Hy will be de- 
noted Dr = oE* 64, where o=E* is the wave func- 
tion of the final nucleus (E* is its excitation en- 
ergy) and 64 is the wave function of the deuteron. 


ly 
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We introduce also the state vector y‘ in accord- 
ance with the equation y“) = ¢+ (E —- H - fee 
xVoe. Then, as was shown by Gell-Mann and Gold- 
berger,° the cross section of the reaction, is 

given in first order in Hg by 


ds = 20h S| (x (3) 


where p is the density of the final states of the 
system and © denotes averaging over the initial 
states and summation over the final ones. 

Stapp has shown! that the non- diagonal matrix 
elements of the interaction V,(1, 2, SN are small; 
neglecting these, we obtain ye y= = ght 6d) | ? 
where 64“ is the deuteron wave, eerie: by 
the potential V~. Further, separating the state 
of the pair of nucleons of the initial nucleus (see 
Sec. 3), we can represent wA ina form 
DMyhg 2? [q is the totality of the parameters 
w’ay J’'Jo that enter in formula (4) ]. In view of 
the fact of Hy is a Single-particle operator, i.e., 
Hy = 2iHe, we obtain 


(y- Fo) = 2M, (Do Epo Oe Liege, 


, the transition matrix elements for the nu- 
ee pair are separated from those for the 
residual nucleus. 

Several remarks are in order regarding the 
mechanism of excitation of the final nucleus. It 
is clear that in any nuclear model in which the 
individuality of the nucleons is retained* a direct 
interaction with a y quantum does not lead to 
excitation of the final nucleus, in view of the 
single-particle form of the operator Hy; the ex- 
citation is due to the interaction between the 
residual nucleus and the emitted particle. We 
have neglected above the non-diagonal elements 
of the interaction Vc, and it may appear there- 
fore that an investigation of the excitation proc- 
ess is impossible. This is not so, however. It 
is important that the self-consistent fields in the 
initial and in the final states are different from 
each other (for example, the radius of the poten- 
tial changes). A sufficiently rapid change in the 
field of the nucleus upon emission of a pair of nu- 
cleons leads to the possibility of excitation of the 
residual nucleus of the reaction. 

The matrix element pga a) has a form 
corresponding to the sudden-perturbation approxi- 
mation; the condition for the applicability of this 
approximation is that the time of variation of the 
potential be small compared with the characteris- 
tic nuclear period T) ~ 107?! sec. It is apparently 


*Unlike Migdal’s or Goldberger and Teller’s model of 
dipole oscillations, for example. 
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reasonable to assume that the time T of the va- 
riation of the potential is close to the time of 
transition of the nucleon pair to the excited state. 
Then T~h/AE, where AE is the change in the 
energy of the nucleon pair. In the cases of in- 
terest tous, AE <40 Mev, therefore T ~ f0me" 
sec, i.e., the condition indicated above is suf- 
ficiently well satisfied. 

3. The wave function of the target nucleus can 
be constructed by the method outlined in the re- 
view of Elliot and Lane. Using the parentage- 
coefficient technique and carrying out the nec- 
essary reshuffling of the momenta, we obtain for 
the configuration s "tpn p 2[A,] the following 
expression (see reference 8 for the notation): 


E 
wh TM, = DR (ss ‘| ore pr Me Sim TM, (4) 
aa os Ne Teh 

L1l,.09 
Here Dap My 
pair: 


is the wave function of the separated 


Lyloa JM A 
Dim, = yy CEA? 5.x | Ml Nolo: Los) Xs,EOT or » 


| Nylynolo; LoAo) = = >) Cin’ Zam, | MLyM,) | NoloMs) fra; 

l,,. are the orbital momenta of the separated nu- 
cleons. Formula (4) does not contain the corre- 
lators x4j and X9j(j = 3, ...); itis shown in the 
Appendix that their contribution to the reaction 
cross section can be neglected. 

We know’ that the wave functions of relative 
motion and of the motion of the center of gravity 
of the pair of nucleons are separated, if |nlm) 
are oscillator functions:* 

Nyly Nolo; LoAg) 
= y (nylynols; Lo|nlNL; Lo)\ nlm; 
niNL 
We assume the correlation function in the same 
form as given by Dabrowski:!° 


Hi (2k Paes weer 
hr) = Pe expt BiG re) ihe ee mee (6) 


where rq is the radius of the ‘“‘hard core’? of the 
nucleon and £ is a numerical parameter, which 
determines the correlation radius. According to 
reference 10, B = 0.75 to 2.00. Numerical calcu- 
lations show that our final results are not very 
sensitive to the choice of the parameter Bp. 

The motion of the center of gravity of the pair 
is determined in the assumed approximation only 
by the self-consistent field of the nucleus, and is 
described by the wave functions |NL)/y; R). 


Tr) fiz| NLA; R). 
(5) 


*We note that the Bethe-Goldstone equation actually admits 
of this separation only approximately, even in the oscillator 
potential. 
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Choosing the deuteron wave function qa accord- all the distributions of this energy between the 


ing to Hulthen and Sugawara, '! and assuming, as 
customary, that the interaction Vo depends only 


on the coordinate R, of the center of gravity of 
the deuteron, we obtain 


d(-) d - 
@ == OUL.OK, Di, = Qa (r) Xip.o00, 
where @ K, is the wave function of the motion of 
the center of gravity of the deuteron (we neglect 
the D state of the deuteron). 


The states of the final nucleus will be denoted by 


the quantum numbers X” = J”, M”, T”, L”, S”, ae 
and A¥. See Sec. 4 concerning the total assembly 


of final states. 


Neglecting in H¢ the terms containing the mag- 


netic moments of the nucleons, we have 


A a 
H =a > efXti WOE b= ihe VV 


2 m 
i=1 


2 


where m and rj; are the mass and coordinate of 
the nucleon, Kk is the wave vector of the photon, 
and O, is the projection operator for the proton. 
We shall not carry out any further deviations 
here, but merely note that the contributions of the 
terms with different Ly in Eq. (4) to the cross 
section of the reaction are incoherent. 


As a final result we obtain (writing out only the 


term that makes the main contribution) 


(E' re Ey 2 
= (-) Ur \ 12 1 fl! ven ‘ 
S)(xO | He| Ko)? = perm(m@—l Dis” 1 8 

Jo \ J" dh ] 


PAPO ehh 2-070.) Ul SiS2S1> StS.) U (Tal. T 01°95) 


Ge 


x (p%—2 |} p™) S1,2(Dx«| VAs?) ? 


oe (8) 


Here 
g (*) = (ga| exp ixr / 2| 000; r), 
Cyz,A. = (Ox, | exp (xR) BV| NLoAg; R), 


oy — Ie 


~) 


t 


Substituting (8) in (3) we obtain the reaction cross 
section for the case when a photon of energy E, 
is absorbed, a deuteron of energy Eg is emitted, 
and the nucleus remains in one of the states of the 
complete assembly [see formula (12) ] with ex- 
citation energy E*. In fact, the target is exposed 
to a bremsstrahlung spectrum having an end-point 
energy Ey, mexend 2 gamma-quantum distribu- 
tion N, over the spectrum; the state of the final 
nucleus is not fixed. It is therefore necessary to 
integrate the cross section over the spectrum Ny, 
to sum over all possible states of the final nucleus 
with given excitation energy, and to integrate over 


ah (7) 


1 19 9 
F121 Goon, |” g” (*) 


excited particles and over the emission angles. 
Finally, bearing in mind experiments with the ac- 
celerator bremsstrahlung spectrum, it is also 
necessary to normalize the cross section for the 
“effective quantum.’’ Only after performing all 
these operations do we obtaina quantity com- 
parable with experiment. 

4. We denote all the operations indicated at 
the end of the last section (with the exception of 
integration over the spectrum of the gamma 
quanta) by the symbol €¢ and calculate the 
quantity 


6, | (% | ¥4-)P plE?- 


We consider first the excitation of one particle 
in an abruptly-changing potential. We denote by 
YnIm the initial (bound) state and by CEI'm’ 
the total assembly of the states of the particle in 
the changed potential.* We carry out the ex- 
pansion f 


rim = Dy Cnn Qa'tim’ + Dy \ Em Perm AE (9) 
Dette] + a [Pin [dE = 1. (10) 


Then 


(PEv'm’ | Wnim) = CE mn 811°Omm’ = Cn (BE), 


i.e., the orbital momentum and its projection re- 
main unchanged in the transition. Since the di- 
mensions of the potential well in a light nucleus 
are such that the unoccupied states with the same 
values of J as the occupied ones but with greater 
principal quantum numbers lie in the region of the 
continuous spectrum, the first sum in (10) actually 
contains only one term with n’ =n. 

We now consider a system of h independent 
particles, in individual states nlm, (= ns;), 


i=1, 2, ...h. The wave function of this system 
has the form? 
Y = | Wns, (1) ns, (2)-++ Pas, (A) I (11) 


The complete system of final states © a in the 
new potential, as can be readily verified, has the 
form 
Dy = | Pas, (1) Pass (2) -+- Pas), (4)!, 
De,s, = | Peis (1) Pas. (2) ..- Psy (A)|, 
De, 5, = | Pns, (1) Pes, (2) --- Pasy(A) [y+ 
DE. s, Es — | DE,s, (1 ) QME.s. (2) Qns, (3) -++ Qasp, (h) iF 
WM eE,s,E3s. = | Pe,s, (1) @as. (2)\@z,s, (3) -:- Pnsp (ON room (12) 
*For a discrete spectrum, E will be replaced by n. 
tThe Ppim are normalized here to 6(E — Ey) 
tFormulas (11) and (12) contain certain linear combinations 
of the determinants corresponding to a definite t pluey ete. 
This, however, does not change the results. 
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Using formulas (10)—(12), we obtain 
Sj | (DO | WA-*) Pp (E*) = | ens |* Se%0 

a @ [Cas |"? | Crs (E*) [P 

x (4)? (5) [one 22) | | ns (Ex) Cus (Es)? 6 (E" 


Se) ge clone oe (13) 


For a real nucleus with a ground-state configura- 
tion s™ p= (n{ + nj =A — 2) we readily obtain a 
somewhat more complicated, but clearly analogous 
expression. The estimate obtained here for the 
probability of the product-nucleus excitation is 
approximate; we hope to consider in the future the 
effect of the correlation of the nucleon and the 
probability of excitation of the nucleus due to a 
sudden change in the potential. 

We have used oscillator functions to calculate 
Cup while perturbation theory (since the change 
in potential V = VA — VA~? is sufficiently small) 
with a rectangular potential well of finite depth has 
been used to calculate cy] (E*). These expres- 
sions are reconciled by the normalization condition 
(10). As a result we obtain the following formulas 


(8 = (@o1 — oz) / (@o1 + o2)), (14) 
| Cor (E*) ? = FES 1 — | cor *)/ EE", (15) 


[cor 2 = (1 — 82y"a+# 


where wo1,92 are the parameters of the wave func- 
tions of the nucleons in the initial and final nuclei, 
respectively, and Eg is the energy of particle de- 
tachment in the nucleus. 

5. Let us consider in somewhat greater detail 
the calculation of the matrix elements GNTL, A, 
in formula (8). We describe the interaction be- 
tween the deuteron and the residual nucleus by 
means of an optical potential Ug(R ): 2 


Ug(R)=9, R>Rbo; Ug(R) ==Ve—iV >; R< Ro: 
(16) 
Unfortunately, our knowledge of the potential Ug 


is quite limited. Following Greider,!” we assume 
the value of Vo to be the same as for nucleons of 
corresponding energy. Comparison with experi- 
ment can indicate the necessary values of the 
imaginary part of the potential Wp. 

It is desirable to take account in (8) of the 
electric dipole transitions with sufficient accuracy 
(since they make the main contribution to the 
cross section) and to determine simultaneously the 
remaining multipoles in the Born approximation. 
For this purpose we retain in the expansion in 
partial waves 


OK) = (20) es + NV an (Ql $1) [er Ay 
: 
— 1) jv (KR) i” ¥v (cos a) 
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FIG. 1. Results of the calculation for C’?. Curve 1 — tran- 
sitions without change in the configuration of the nucleus; 
curve 2 — transitions with allowance for ‘single-particle exci- 
tations, curve 3 — with allowance for two-particle excitations. 
The parameters fiw were calculated from the rms radii of the 
corresponding nuclei:'* tiw (C'*) = 15.2 Mev, fiw (B”’) = 17.0 
Mev, Ey max = 80 Mev. 


only the terms with l’ = Ly + 1. The phase shifts 
6] were calculated from the approximate formu- 
las of Pargamanik and Ul’yanov, 13 which are suf- 
ficiently accurate when Eg & 15 Mev. 

6. Comparison with experiment has been made 
for the nuclei C! and Be’. Chizhov and Kul’chit- 
skii '’* give the ratio «a. d/Fyp: The value of Ov 
was determined from the known cross section 
of the reaction Cc!” (yp) at the corresponding 
values of E,, max?’ as well as from the experi- 
mental fact” that the cross section of the yp re- 
action is proportional to Z at low values of Z. 
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FIG. 2. Results of the calculation for Be’. The notation is 
the same as in Figure 1. fiw (Be’) = 16.2 Mev, hw (Li’)= 18.9 
Mev, Ey max = 90 Mev. 


The following values were assumed for the poten- 
tial (16): Ug = (- 40—20i) Mev and R = 1.5A!/3 

x 10° cm. The results of the calculations and the 
experimental data are shown in Figs. 1—3. Only 
single- and two-particle excitations of the final 
nuclei were considered. 

It is seen first that transitions with excitations 
of the final nucleus actually make a large contri- 
bution in the region of the continuous spectrum: 
this contribution is approximately equal, in the 
case of ci to the contribution due to transitions 
to the ground state and weakly-excited (discrete ) 
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d6/dQ2 
FIG. 3. Angular distributions 
of the reactions C'? (yd) and 
Be (yd). Normalized for 0 = 60° 
oO — Be’, 0 — C”™ (the ordinates 
are arbitrary). 
0 9 180 


6, deg 
states; it is even greater for Be’. The reason is 
that while the threshold of the reaction Be? (yd) 
is approximately 9 Mev lower than that of C”, 
the experiment was carried out at values of 
Eymax Which were 10 Mev higher. One might 
think that experiments on the behavior of Oyd as 
a function of Ey max, or on the deuteron spec- 
trum in the irradiation of nuclei by monochro- 
matic gamma quanta, can be useful in the study of 
the mechanism of excitation of final nuclei in di- 
rect reactions. 

The imaginary part of the potential Ug is as- 
sumed to be quite large (this agrees with other 
data!?»15), In this connection, the contribution to 
the cross section oq of the reaction comes es- 
sentially only from the pairs whose center of 
gravity has anorbital momentum Lp = 2; the 
contribution of the remaining pairs is one order 
of magnitude less. 

It remains also to note that the cross section 
Oyq is little sensitive to changes in the parameters 
of the correlation function; consequently photo- 
reactions with emission of deuterons cannot, un- 
fortunately, be used to investigate the correlations 
of nucleons in atomic nuclei. However, the very 
presence of the correlator yx 2 is significant; if 
neglected, the computed cross section is changed 
by 15 — 30% in the energy range of interest to us. 

In conclusion, I am grateful to S. V. Maleev, 
A. D. Piliya and Professor L. A. Sliv for discus- 
sing the work and for critical remarks, and also 
to V. P. Chizhov for evaluating the experimental 
data. 


APPENDIX 


We consider the matrix element* of the tran- 
sition to the ground state 


*We disregard here effects connected with the change of the 
potential of the nucleus upon emission of a deuteron. 


(2 
Mye=(a (1, 2) pos (3)- + Pan (2)(1+ >) x27)| Hae, 
(Bon (14 Du,)) 


We leave out here the correlators between nu- 
cleons 1 or 2 and the remaining nucleons in the 
final state, since it is assumed that the interac- 
tion is described by the potential Ug. It is readily 
seen that in view of the property° (Ya; Yajl xij 
Vou; Yq.) = 0 and the assumed smallness of the 
correlators, under which the terms containing 
products of two or more correlators are omitted, 
the terms with i, j = 3 make no contribution. 
Using the expansion 


Po; Pa, Key a Di cline m'Pay (c= 0 for ty] es, n), 
mn 
we obtain 


My = (ga (1, 2) | Aly, | Wa, (1) the, (2) (1 -+- X12)) 
+ >) Dicmn (Pa (1, 2)| Hie! Pay (1) Pir (2) Bre, 


t>3 mn 


E 2) Dj ern (Pa (1,2) | Hae | Pa, (1) Pam (2) Bray. 

j>3 mn 
An estimate with aid of (6) yields Zyl Cal a 
0.04. Since a contribution to My, is made only by 
a few of the coefficients Can (or Che): and, on 
the other hand, since the probability of finding nu- 
cleons 1 and 2 inthe s state of relative motion 
diminishes rapidly with increasing quantum num- 
ber Qy, the contribution of the correlators yim 
and x2, to the cross section, as can be seen from 
a numerical estimate, does not exceed 1 or 2%; 
the same pertains to transitions to excited states. 
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Formulas are derived for the differential cross section for elastic resonance scattering of 


slow neutrons in crystals. 
mation. 


‘Tae resonance interaction of slow neutrons in 
crystals was first treated theoretically by Lamb’, 
who computed the shape of the resonance absorp- 
tion line for neutrons. (A presentation of this work! 
is also given in the book by Akhiezer and Pomer- 
anchuk.” ) 

In an analogous way Mossbauer? treated reso- 
nance scattering of y quanta in crystals. In these 
papers it was shown in particular that experiments 
of this sort can serve as a method for analyzing 
the dynamical properties of a crystal. In this con- 
nection it may also be important to investigate 
elastic scattering (without change of the quantum 
state of the crystal lattice) of neutrons by nuclei 
(such as Xe!*®, yp!68, Tm169) ett?) Rels A ytd? 
Pu*4°) which have levels with resonance energies 
less than or of the order of a few ev and relatively 
large ratio of neutron width to total width of the 
level (2 0.1). 

The expression for the probability of elastic 
resonance scattering of neutrons in a crystal, fol- 
lowing Lamb and neglecting the dependence of the 
total width of the resonance level I on the quantum 
state of the lattice, and also neglecting potential 
scattering, * can be written, except for a trivial 
constant factor, in the form 


| ye (ny Ar | Hy | {5} Cry {ms} Cx l Hel Po {3} Ard 
is Pet ons p? | 2m — Eo— Xho, (n,—n3) + iT /2 

Here po and p are the momenta of the neutron be- 
fore and after scattering, m is the neutron mass, 
{n{} and {ng} are respectively the occupation 
numbers for the phonons in the initial (or final) 
and intermediate state, where wg and @g are re- 
spectively the frequency and polarization of the 


phonon of type s, Hj is the operator for the inter- 
action of the 7’th nucleus with the neutron, the 


| 


(1) 


*Including potential scattering reduces to simply adding 
the amplitudes for resonant and potential scattering. 


The expressions obtained are evaluated in the Debye approxi- 


symbols A and C denote respectively the initial 
and compound nucleus, Ey and I are the energy 
and width of the resonance. A bar over a symbol 
denotes averaging with respect to the initial state 
of the crystal. 

Writing the denominator of (1) as an integral 


— f\ atexp{ [330 (0,— ng t Eo & iz} 


and using Lamb’s result, we can by simple compu- 
tations reduce the expression for W to the form 


2W, 


W=|Mel |P/ | Diexplirox(po— pyle, (2) 
Ll 


(3) 


ee \ a exp {it (- Eo) 


6O= 2a, 


—ifogt P Lot 


(Pes) (Poe,) [(n$ ae l)e + nve 


¢ 0 — ] 
2MNio, —2ns~ 1, 


(4) 
where Mf is the matrix element corresponding to 
scattering of the neutron by the free nucleus, M is 
the mass of the nucleus, N is the number of nuclei 
per unit volume of the crystal, and 


Wr = 3 [oo 


—p)es|” [n(@) + +]/MNho,, 


n(@s) = [exp (hos /kT) — 1] (5) 
is the temperature exponent and T is the tempera- 
ture of the crystal. 

We note that the imaginary part of the forward 
scattering amplitude (which is proportional to 
Re P for p= Po), in accordance with the optical 
theorem, coincides with the total cross section.! 

It is easy to verify that, averaging | P’| over the 
initial state of the crystal reduces to replacing 

ne in g(t) by H(ws). [We denote the correspond- 
ing g(t) by g(t).] 

Thus, while a measurement of total cross sec- 
tion (or absorption cross section) gives us a de- 


723 


724 


termination of ReP for p= pp, the investigation 
of elastic scattering enables us to determine | P 
for any angles between p and Pp. 

Let us evaluate | P |? in the Debye approxima- 
tion. Then 


le 


3 hp? RO/h 
F E 
> mpse2 OS P \ {{ 1 +n(o)]e 
0 


—itho 


g(t) = 


ithe 


— 2n(o) — 1} odo, (6) 


+n(w)e 


where © is the Debye temperature and ¢g is the 
scattering angle. An analogous expression for 
gy = 0 determines the cross section for absorption 
of neutrons; it was considered by Lamb. Lamb’s 
results can be used completely if cos g > 0. The 
case of cos gy < 0 requires special treatment, 
since the formal expansion of g(t) in powers of t 
used by Lamb leads to diverging integrals. 

If |g(t)|< 1, the value of W depends essen- 
tially on the parameter 
y =V[(Ep — p¥2m)?2 + [2/4]/k®O. For y > 1, the 
important region in (3) is at small values of t, 
@(t) can be expanded in powers of t, and we can 
limit ourselves to the first term in the expansion. 
Then 


P=(0/2+i(E)— p?/2m +cos pp? /2M)}". (7) 


Thus W depends exponentially on (py — Dyce 

y <1, then the quantities which are important in 
(3) are large values of t, and we can in the expres- 
sion (6) for g(t) neglect the rapidly oscillating 
terms under the integral sign. Then 


f hi*ps 


Pe ost T(E, p | 2m) exp )— > apse COS 
no/h \ 
x | [2a (0) + I] ode. (8) 


0 


Substituting (8) in (2) and using the fact that in the 
Debye approximation 
no/h 

\ [2n(w) + 1] odo, 


0 


h2 
2 
Py” MeO 


Wr aor Ih (Do 
[cf. Eq. (5)], we obtain 
W =|Mg, |? (17/4 + (p?/2m — B,)*}4 


ne/h 
\ [2n() + 1] odo) 


0 


J 3p 
x exp \_ 3 Mm Ber 
i.e., W depends only on the energy of the incident 
neutron. Such a result is a consequence of the 
fact that in the last case the nucleus stays in the 
excited state for a long time, during which it ‘‘for- 
gets’’ the direction of the momentum of the inci- 
dent neutron. 


M. V. KAZARNOVSKII and A. V.9sTs PANGY 


Now let us consider the more complicated case 
when gy—the maximum value of g(t) —is much 
greater than unity. Then | P |? depends essentially 
on the ratio of the quantities y and gp. Namely, if 
y > Zp, we again easily obtain formula (7). If, how- 
ever, Y « go, then P can be computed by the saddle- 
point method. The result is 


|P|? = 2na* exp {2Re f (to)}, 
where ty is the value of t corresponding to the 


maximum of the function 
F(t) = g(t) + it (p? /2m — E,) Tt /2. 


a? = |d?g (t) /dt*|,_,> 


Since it does not appear possible to compute the 
integral (3) in general form, we shall limit our- 
selves in the calculation of f(to), tg and a to the 
limiting cases T > ©, for which 


g(t) —3cos (pT / MRO?) [1 — (Ot) * sin (ROZ)], 
and T= 0, for which 


g(t) = 


3 p? eo CDG EOL) 
Pe 116 |! t 2 Fey 


In the first case 


1 — exp (— ik@?) 
(RO)? | 


es p? ‘ Tt 2 COS P 
i (to) ito (ae Ey) ss 3.65 T po Mke@2 
2 
4 iP Po —9 
ys [ 7 \2m E,)| f 
t = 4.49/80, a? = — 0.65p?RT cos p/ M. 


In the second case 


f (to) = B/2 —T'to/2+1/a(2By2) "6", ty = (48) (2B yh", 


a? = 3 (4/2B)*. B = — (3p? /2Mk®) cos 9, 


th = gz tan [2 (p? /2m — E,)/T]. 


In conclusion the authors express their sincere 
appreciation to F. L. Shapiro for valuable discus- 
sions. 


'w. Lamb, Phys. Rev. 55, 190 (1939). 
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The properties of a shock adiabat in relativistic magnetohydrodynamics are investigated for 
the case of perpendicular waves. In a number of limiting cases some simple expressions 
have been derived which relate the thermodynamic quantities on both sides of a discontinuity. 
The possibility of accelerating charged particles by means of shock waves is briefly con- 
sidered. It is shown that in the ultrarelativistic case of perpendicular waves such accelera- 


tion is impossible. 


A paper by Hoffman and Teller! was devoted to 
problems of relativistic magnetohydrodynamics. 
They obtained for the shock adiabat an equation 
which is valid in the relativistic case. In the pres- 
ent paper we shall investigate in more detail the 
properties of this adiabat and find the relation be- 
tween the various thermodynamic quantities on 
both sides of the discontinuity for the case of a 
shock wave which is perpendicular to the direction 
of the field.* 

We denote by the indices 1 and 2 the values of 
corresponding quantities in front of and behind the 
shock wave. Assuming that the vector of the mag- 
netic field lies in a plane parallel to the plane of 
discontinuity, and making use of the conditions of 
continuity of the flux densities of the energy, mo- 
mentum, and particles, and also the tangential 
component of the electric field, we obtain 


W,0; | (1 — 02 /c?) = wav, /(1 — 03 /c?), (1) 
pi + woz /c?(1 — vt /c*) = p, + wyvg/c2(1— 03 /c*), (2) 
101 /(1 — v3 /c?)/2 = nqdo/(4 — v3 / cy", H,/ny = H,Jne, 
(Obes Pare Oh p =p-+ H?/ 8n, 


e=e+ H?/8n, e=Ww—p. (3) 


Here e is the internal energy per unit volume, 
w is the heat function, p is the pressure, n is the 
particle number density, v is the velocity of the 
front, H is the magnetic field intensity, and c is 
the velocity of light. We emphasize that for all 
quantities we mean their values in a system of co- 
ordinates in which the corresponding medium is at 
rest. 

*The conditions under which the existence of ultrarela- 
tivistic perpendicular shock waves is possible have been con- 
sidered by Stanyukovich.” 


After simple transformations, we get from (1), 


(2), 


+ 5% Ug = € 
G— e,) ( Fle Po) (2 ae a) (e, als P,) 
m0 (P,— Pi) (e,— 2) |" 
3 aettor4 > ae ie ai 
ee Pe ey 
1 — vyv2 / c* (e, iF Py) (e, =e P;) 


Eliminating v, and vy from (1) — (3), we obtain the 
equation for the shock adiabat: 


w/ny — w5'/nz + (Pp, — pi) [wilnt + w2/ng]=0. (5) 


We note that Eqs. (4) and (5) coincide completely 
with similar expressions obtained in the usual rel- 
ativistic hydrodynamics by Taub,? if we replace 
w* by w, e* by e and p* by p. 

We now investigate the relation (4), (5) ina 
number of limiting cases, and shall assume that 
the gas is ideal. 

1. The equation of state is nonrelativistic, i.e., 
p< my ne’, but H?/87 > m nc? (mp, is the rest 
mass of the particle). In this case, expanding (4), 
(5) in powers of 8mm nce H? and p/mpnc’, and as- 
suming that e = mgnc” + p/(y — 1), we obtain 


US Gy=20 [| — Anmon,c? | H?)*, V12 =C(y — 1), 
_ 2 y= Pe 
Taal i ~—1 monic? ae < 1) Z (6) 


where y = Cp/cy is the ratio of specific heats, and 
y =n, /ny = Hy, /Hy. 

Thus, at nonrelativistic temperatures and in 
strong magnetic fields, the velocity of the shock is 
close to the velocity of light, the relative velocity 
Vig is very small (1-y «1), the density jump 
and the jump in the field are also small. 

The equation of state is ultrarelativistic, but 
the magnetic energy is much smaller than the 
kinetic energy of the particles, i.e., 


725 
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ih = re S> Hi/ 8a. 


In this case, with accuracy to small quantities of 
order H}/87p;, we find 


0, = C[(Po + pr /8)/ (Pe + 3p1))", 
Oy re [(p2 + 3px) / (P2 + Pr /8)T?, 
Vio = C[3 (Pz — Pi)" / (8P2 + Pr) (P2 + 3p1))"", 


y= ny [ny = H3/ Hy = pe (3p2 + D1) / Pi(P2 + 3p,), (7) 


that is, the velocity and magnetic field discontinu- 
ities are positive and increase in strong shocks 
(P2/p; > 1) is proportional to the square root of 
the square of the pressure ratio. 

3. Finally, for very powerful fields and high 
temperatures, when H}/8m > p; = eer we shall 
have* 


16 5 oe 1, 16my2 —_ ) "> 
Geet a pi) Aes es u : pr 

H? (y* —1) lal (Ga) 

CnC a) 32m0p1 y® — po! pr lg 

ee ge A pe aoe 


y? = ng / nt = H3/ Hi = [p2— pi + (p23 — PP + te 
It follows therefore that the values of the velocities 
v, and v, are close to the velocity of light, while 
the dependence of the magnitude of the field inten- 
sity discontinuities on the behavior of the pressure 
for strong shock waves is similar to what is given 
above. 

In conclusion, we shall consider briefly the 
question of the possibility of the reflection of 
charged particles from a shock front.t This can 
be of interest in connection with the possibility of 
accelerating particles by means of shock waves. 
Actually, if such a reflection takes place, then the 
particle which lands on the wave front, being re- 
flected, will obtain an additional energy similar to 
what happens in reflection from ‘‘magnetic 
clouds.’’4 

For simplicity, we shall consider the case in 
which medium 1 is at rest and a particle with 
charge Ze, mass M and velocity vy enters med- 
ium 2 normal to the shock front (the velocity of 
which is v,). Since our purpose here is only to 
obtain the necessary condition for reflection, we 
shall neglect energy losses of the particle which 
take place as a result of interaction with the med- 
ium. We transform to a system of coordinates in 
which medium 2 is at rest and, consequently, there 


*We note that it follows from the conditions p, > H?/8z 
(in case 2) and p, K H}/8z (in case 3) that p, > H2/8m and 
p, < H}/87, respectively. 

TV. I. Veksler has drawn our attention to this question. 
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is only a magnetic field H,. In this system of 
coordinates, the velocity of the particle will ob- 
viously be 


U) = (Uo — V2) / (1 — 0 02 / Cc’) (v, <9), 


while the velocity of motion of the front is v». 

In order that reflection take place, it is clearly 
necessary that the particle again cross the shock 
front which, as is easy to show, leads to the con- 
dition 

Ve < Uo/ V1 + 2 = 04/ 4.6, (9) 


where 0 < x < 3n/2 is the first non-trivial root of 
the equation 


He = YN 3 (4s 4,29): 

Physically, (9) is equivalent to the condition 
that the front is displaced a distance less than the 
Larmor radius of the particle after a time of the 
order of */, of a period. 

If condition (9) is satisfied, then the particle 
can be reflected from the front. In this case the 
relative increase in its energy (in the laboratory 
system of coordinates) AW/W will be equal to 


AW /W.= {(1 — 00,2 / C2) (1 + Ux0r2 /¢*) / (1 — vip / C2) —1}. 
(10) 
Here 


Ox = Up COS wt, o = (ZeH, / Mc) V1 — U92/C?, 

and ty < x/w is the time interval between the first 
and second crossings of the front by the particle, 
determined from the equation 


v, Sin of, — v2 wt, = 0. 


We emphasize that, according to (10), the increase 
in energy is determined principally by the velocity 
of the second medium vj, and not by the velocity 
of the front vy. This is due to the fact that the 
electric field differs from zero in a system of 
coordinates connected with the shock front. 

Thus, with the satisfaction of condition (9), it is 
apparently possible to use the shock front for ac- 
celerating charged particles. This method would 
be especially interesting in the case of relativistic 
shocks where the velocity vj, is close to the ve- 
locity of light, inasmuch as the relative increase 
of energy in this case can be very great. Unfor- 
tunately, in the case of the perpendicular shock 
waves that we have considered here, the condition 
1 — vj,/c* « 1 is incompatible with the reflection 
condition (9). Actually, for (9) to be fulfilled it is 
necessary in any case that the velocity not exceed 
the value c/y 1 + x2 = c/4.6, which in accord with 
(4), cannot take place [see also Eqs. (6) — (8)], i.e., 
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no particle passing through the shock front can 
cross it a second time. 

We note that the considerations given above ob- 
viously correspond to the case in which the Lar- 
mor radius of the particle exceeds the thickness 
of the shock front. In the opposite case, solution 
of the problem of the possibility of acceleration 
requires a knowledge of the structure of the transi- 
tion layer and generally falls outside the frame- 
work of phenomenological hydrodynamics and out- 
Side of the present paper. 
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FROM THE REACTION >° — A+et+e- 


B. N. VALUEV and B. V. GESHKENBEIN 


Submitted to JETP editor May 11, 1960 


J. Exptl. Theoret. Phys. (U.S.S.R.) 39, 1046-1048 (October, 1960) 


The problem considered is that of the correlation of the polarizations of the D>’ and A particles 
and the electron-positron pair in the reaction =’ — A+et+e-, in its dependence on the rel- 
ative parity of >’ and A. The correlations are very different for positive and negative relative 
parity. When there is a polarization of the pay particles arising in their production, the meas- 
urement of the correlation in question can be a comparatively convenient method for deter- 


mining the relative parity of >" and A. 


lbs papers by Feinberg! and by Feldman and 
Fulton? it has been pointed out that the reactions 
=°— A+y and 2°—A+e*+e can serve for 
the determination of the relative parity of the yf 
and A particles. Namely, the conversion coeffi- 
cients were calculated for the cases of positive 
(+) and negative (—) parity. They differ by 13 
percent. The calculated spectrum of the A par- 
ticles was found to be sensitive to the parity in 
the domain of small momenta, but unfortunately 
small momenta are improbable. The determina- 
tion of the correlation of the linear polarization 
of the photon with the polarizations of the =° and 
A, which was proposed by Feldman and Fulton,” 
is based on the requirement of measuring the po- 
larization of the photon, which is evidently dif- 
ficult to do (see, for example, the analysis made 
by Karlson? : 

In the present paper we calculate the correla- 
tion of the electron-positron pair and the polari- 
zations of the 2° and A particles in the reaction 
=°— A+e*+e"™. As has been shown in a paper 
by Kroll and Wada,‘ an internal-conversion pair 
has a good ‘memory’? of the direction of polari- 
zation of the y-ray quantum. Therefore we can 
expect a sizable correlation between the polari- 
zations of 2° and A and the orientation of the pair. 

We shall calculate the density matrix for the A 
particles produced in the reaction as a function of 
the variables that characterize the orientation of 
the pair. 

The matrix element for the process in question 
can be written in the form 


mM. = Ti Q,64(p —q—r—s), 

Pa) = FO (k?) VMzMa [Pogo (9) Suvky M3 (p), 

Pa) = FOR) V MaMa [D904 (9) Y5Suv kv ME (p), 
Qu = eV m?/sorou (r) Yuv (S) k=p—4q, R? = k? — ki. 
Here p and q are the four-momenta of the ae 
and A° particles, and Mp and My are their 
masses; M = JE (My + Mag); © and s are the 
four-momenta of the electron and positron; m is 
the mass of the electron; o,,, = (2i ry Vt 
YvY¥p)» and ys = 717273 Va» Vy being the Dirac ma- 
trices; 2(p), A(p), u(r), v(s) are bispinors 
describing the 2’, A°, e” and e* particles; the 
signs + distinguish the cases of like and unlike 
parities of the 2° and ne particles. 

In the expressions for I‘*) the terms propor- 
tional to k,, are omitted, since they make no con- 
tribution owing to gauge invariance (ky Q ie 0). 
Terms ~k?, which make a small contribution, 
are also omitted. The resulting error can be es- 
timated, and is <1 percent. Therefore we set the 
functions f*)(k?) equal to f*) (0). 

In the rest system of the =° particle its state 
of polarization is described by the density matrix 


ps = >(1 + (sPz)). 


The state of the A particle that is produced will 
be described by the density matrix 


Pa = Mpzy M*, 


where ® is taken in the rest system of the >° 
particle. By simple calculations in which terms 
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~A/ Mi are neglected, we get the expressions for 
Pa (apart from a common factor ): 


(yy) [FOP My Bae Gers é 
PA = reso Mf, EA Uts]h— eek? + {2 [xs]? (Ps — 2n (nPz)) 
| 2 Rk? — 
+k (kPs) k t Mae TO j= Oy) [Ps x [sxr]]} pp e 
ye Me eke ee Ae ee ae 
oe roSo = Tae we AY 2a T My k (kPs) k 
M 
—4(aPs)a 4 (22 See 
an A 
vx 6¢ ! ab 
>) Pel sare 
Here 
n=([rxs] /|[rxs]] , a=] rot | | k— Ar, 


and oj are the Pauli matrices. Let us introduce the 
unit vectors K =k/|k|, N 1 « and in the plane of the 
pair, and n=KX N. Then, averaging over the other 
variables, we get the following expressions: 


Be bbl © 2411.41 (Pax) (ex) 
— 0.41 [2(nPs) (en) — (¢Ps)}}, 


~ 2.881 f—) |? {1 — 0.64 [2 (Px x) (ox) — (6Pz)] 


— 0.68 (6Ps) — 0,40 [2 (Ps N) (oN) — (oPz)}). 


It is found that the ratio of the conversion coeffi- 
cients for the cases of negative and positive parity 
is 1.13, which agrees with the calculations in ref- 
erences 1 and 2. 

Now let us set 


Pini ON av 
and so on. We have: 
in the case of positive parity 


Pay = 0.41 Pens Pan = —O0ALPoaa, Pie == Pm, 
in the case of negative parity 
Pay =—0,44Pey, Pan = 0.36P an, Pax = — 0,92Pzx. 


Here Paw P>y and so on are the components 
of the polarization vector in the directions of N 
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and so on. As can be seen from the data given, 
there is a considerable difference between the 
cases of positive and negative parity, which may 
make it possible to distinguish these cases ex- 
perimentally. 

As is well known,”?° the polarization of the >? 
can be determined from the polarization of the A 
particle in the decay ro Ay Nee (/3)P5]. 
and the polarization of the A can be found from the 
asymmetry in its decay. A weak point in the pro- 
posed method for determining the BEEN parity 
of Z° and A is the necessity of having ze parti- 
cles with sufficiently large polarization. (A fairly 
large polarization of 2” is necessary for the 
method to be favorable from the point of view of 
statistics.) The possibility is not excluded, how- 
ever, that oe particles with considerable pola- 
rization can be obtained by production in the re- 
action m™ + p— =° + K® (for E, ~ Bev), as is 
the case for Z* particles produced in the reac- 
tion « +p— Kia". 

Thus the proposed method for determining the 
relative parity of >" and A may be practically 
convenient. 

We are extremely grateful to V. I. Ogievetskii 
and L. B. Okun’ for a discussion and for com- 
ments. 


1G. Feinberg, Phys. Rev. 109, 1019 (L) (1958). 

2G. Feldman and T. Fulton, Nuclear Phys. 8, 
106 (1958). 
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4N. Kroll and W. Wada, Phys. Rev. 98, 1355 
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®R. Gatto, Phys. Rev. 109, 610 (L) (1958). 
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The effective cross section for resonance photon-photon scattering due to the existence of a 


9 


As is well known, the charged-particles vacuum 
leads to the existence of a nonlinear effect — 
photon-photon scattering. We shall consider 
photon-photon scattering associated with the 
account of the vacuum of 7’ mesons. 

We write down the interaction of the electro- 
magnetic field with the field of the 7’ mesons * 


L = yngEHj (9°), 


where 7 is the effective coupling constant; 9, E, 
H are the operators of the meson and electromag- 


netic fields; q is the 4-momentum of the 7 meson. 


The interaction (1) differs from the interaction in- 
troduced by Dalitz! by the form factor f (q?) which 
takes into account phenomenologically the effects 
of ‘‘smearing out’’ of the 7 mesons [where 
f(—m?) = 1]. 

By making use of (1), we write down the matrix 
element of photon-photon scattering in terms of the 


m meson with account of damping of the 7’ meson: 


2 
S = wf? (q?) (25) (EH) GEO (EW) + 4s 


— i — q); (2) 
where a(q’?)/[q? + (m — iI/2)?] is the renor- 
malized Green’s function of the 7° meson; IT = t7, 
t is the lifetime of the 7 meson; qj, qo, E, H, qj, 
qj, E’, H’ are the 4-momenta, the electric and the 
magnetic fields of the colliding and scattered 
photons, respectively. 

By means of (2) and the expression for the life- 
time of the 7’ meson (t™! = n?m?/167), it is easy 
to obtain the scattering cross section of unpolar- 
ized photons by unpolarized photons (in the ref- 
erence frame in which q; + q> = 0): 


__ 321 ?f4 (— 4@?) a? (— 40?) /@ \6 1 3 
obs (m — 2@)? + 12/4 a (m + 2@)? \da : 2 
*We use the system of units in which fi =c = 1. 


meson decaying into two photons is estimated. 


where w is the photon frequency. As expected, 
the cross section has a resonance in the region 
Wye= m/ 2. 

From (3), we get the cross section averaged 
over the width of the ‘‘level’’ (taking it into ac- 
count that a(—m?) # f(—m?) =1): 

6, = tan 2. (4) 


2 
4@; 


If we substitute the numerical value of the reso- 
nance frequency, we get 


6, = 0,75-107-25 em?. (5) 


Since the ‘“‘level’’ has a small width (T © 5ev), 

we get the value of the cross section averaged over 
a large (10°T, i.e., 0.5 kev) range of energies 
close to resonance: 


oy = 1-10-27 em”. (6) 


The experimental proof of the given effect is of 
course difficult, although the results obtained for 
the cross sections (5) and (6) appreciably exceed 
the photon-photon scattering cross sections usually 
observed, which are associated with the polariza- 
tion of the vacuum of charged particles. 

The author is deeply grateful to D. V. Volkov 
for discussion of the results of the research and 
for advice. 


'R. H. Dalitz, Proc. Roy. Soc. (London) A64, 
667 (1951). 


Translated by R. T. Beyer 
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The energy levels of the lower rotational band in non-axial nuclei have been derived for 
= 10 and J =12. A comparison with the experimental data for U238 and Th222 is made. 


Disses et al.‘ have developed a theory of 
non-axial nuclei and obtained the energies of the 
rotational levels with angular momentum up to J 
= 8. It is of interest to compute the rotational 
levels of fairly high energies with J = 10 and J 

= 12, since the comparison with experiment can in 
this case serve as a means of testing the adia- 
batic assumption, which was used in constructing 
the theory. 

The calculations were done numerically. As in 
the paper of Davydov and Rostovskii,”? we substi- 
tuted in the Schrédinger equation (H — € y= 0 
wave functions of the form 

m= 2 [IK Ak. 

K>0 

Here AK is the operator of the rotational energy of 
the non-axial nucleus; it depends on the parameter 
y which determines the deviation of the shape of 
the nucleus from axial symmetry. Since the ma- 
trix elements <JK|H|JK> and <JK + 2|]H|JK> 
are known, we obtain a system of homogeneous al- 
gebraic equations for a given J. The requirement 
that this system have a nontrivial solution (van- 
ishing of the determinant) allows us to determine 
the rotational energy levels. For J = 10 the de- 
terminant was expanded explicitly, and the result- 
ing equation of the sixth degree was solved numer- 
ically for different values of y. For J = 12 the 
determinant was evaluated numerically. In both 
cases we required those solutions which coincide 
with the solutions for the axially symmetric nu- 
cleus in the limit y= 0. The rotational energies 
€(10) and € (12) obtained in this way belong to 
the basic rotational band of the non-axial nucleus. 
These values (in the units h?/4B$”) are given in 
the table for different values of y. To facilitate 
the comparison with experiment we exhibit in the 


io 0 10 15 20 25 | 30 

i 
e(10) | 73.33 70.14 15.281 72.5 70.62| 70 
e(12) |104 |106,9 (103.8 199.52197.11] 96 


J. 
E(d)= io 


28 


20 


0 ) i 20 30 y, deg 
figure the ratios € (10)/¢(2) and €(12)/e(2) of 
the basic rotational band as functions of y. The 
figure also shows the curves for the other levels 
of the rotational band, taken from reference 2. 
The transition energies between the rotational 
states up to J =10 for Th?? and J = 12 for U?% 
were recently measured by Stephens, Diamond, 
and Perlman,° using the method of multiple Cou- 
lomb excitation. To obtain agreement between the 
experimental data and the theory of axially sym- 
metric nuclei, these authors were forced to supple- 
ment the formula € = AJ (J + 1) with the correc- 
tion terms —BJ?(J + 132 for U8 and = BJ- (J 
+1)? + CJ? (3 + 1)? for Th’, where B and’ € 
are parameters which are determined by compar- 
ison with experiment. The model of non-axial 
nuclei enables us to fit the level schemes of these 
nuclei without introducing sizable corrections for 
non-adiabaticity. The two ratios € (4)/€(2) and 
€(6)/é€(2) were used for the determination ofey: 
The figure shows that the resulting values y 
= 12° (U8) and y = 15° (Th*?) lead to rather 
good agreement with the experimental ratios indi- 
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cated by the circles. The small discrepancies for 2A2S: Davydov and V.S. Rostovskil, JETP 36, 
the higher levels may be due to non-adiabaticity. 1788 (1958), Soviet Phys. JETP 9, 1275 (1959). 

In conclusion I express my gratitude to Prof. 3Stephens, Diamond, and Perlman, Phys. Rev. 
A. 8. Davydov and V. S. Rostovskii for advice and Lett. 3, 435 (1959). 
comments. 

IN, Davydov and G. F. Filippov, JETP 35, Translated by R. Lipperheide 
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It is shown that the diamagnetic susceptibility of a system of interacting particles is inde- 
pendent of their interaction up to terms of the order h’. 


Ir is well known that in classical mechanics the 
diamagnetic moment of a substance is equal to 
zero. It can only arise because of quantum effects 
in the particle motion. Landau! gave in 1930 a 
rigorous quantum-mechanical solution of the prob- 
lem of diamagnetism of free electrons in a uni- 
form magnetic field, but it is not possible to 
solve in general form the problem of finding the 
diamagnetic susceptibility of a system of inter- 
acting particles. It is of interest to find its ex- 
pansion in powers of h, restricting oneself to 
terms of the order h?. To take the next terms of 
the expansion into account, quantum statistics 
must be employed; this will not be considered in 
the present paper. We shall not impose any re- 
strictions on the potential energy of the system. 
A completely ionized plasma heated to a tempera- 
ture on the order of 10° to 10"° is an example of 

a system for which our expansion is valid. 

We shall find, however, that the final answer 
will not contain the potential energy, i.e., we shall 
show that up to terms in h? the interaction be- 
tween particles does not affect their magnetic 
properties. We note that the plasma is almost 
ideal, because Boltzmann statistics can be applied 
and because the plasma is completely ionized. A 
rigorous absence of non-ideal corrections in the 
diamagnetic terms of order h? is, however, by no 
means obvious. 

When we neglect relativistic interactions, the 
Hamiltonian of a system of N particles can be 
written in the form 


N 

A 4 

= Sch [- mvt +2 
a=1 


By a suitable choice of gauge we can always put 
div Ag = 0. We do not consider the paramagnetic 
terms in the Hamiltonian since they do not affect 
the diamagnetism in the given approximation. The 


: 2 
ihe 


Se rae + AP (| + Ulte) 


paramagnetic part of the susceptibility itself is 
known to be unchanged by the interaction in the 


nonrelativistic approximation and is given by the 
normal expression for a perfect gas. 

To obtain the characteristics of the magnetic 
properties of the system, we find the expansion of 
its free energy in terms of h. We use the method 
due to Wigner? and Uhlenbeck and Gropper® (in the 
form given by Landau and Lifshitz‘) to evaluate 
the partition function Z = Tr { exp (-A#)} 

We take for our complete orthonormal set of 
functions ~j; the wave functions of free particles 
enclosed in some finite though large volume. 

Z has then the form of an integral over phase 
space 

Docs \ lar, 1 =V' wrexp (— AA) w;. 
The problem is reduced to finding I, which can 
easily be shown to satisfy the differential equa- 
tion : 
a = Dan {h?y2l + 2ih(taVa)1} — E (pa; ta)! , 
where ty = Pg — &ge ‘A is the generalized mo- 
mentum [A, = A(¥q)] and E(Py,Tq) is the 
classical energy of the system. If we write I in 
the form I = e AEy we get an equation for x, 
which we solve by the method of successive ap- 
proximations restricting ourselves to terms of 
the order h’, 

X= 1+ hy t+ hye. 


The result is* 


*We do not give the expression for y, the average of which 
vanishes. It is understood that one sums from 1 to 3 over re- 
peated Latin indices i, k, 1, and m, and that the summation 
over the Greek indices % and 8 which number the particles is 


from 1 to N. 
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The partition function and at the same time the free 
energy of the system can be expressed in terms of 
the average value of yp 


2 


Z =(1 + hx) ere 


When averaging over the momenta we take into 
account that 


lait pr == (tMq/) bap Our, 


taitantattam = (M5/N*) (8inO1m + 9i29am + Simdnz)- 


The average of the product of any odd number of 
momentum components is equal to zero. As a re- 
sult all terms in (2) containing simultaneously the 
vector potential and the potential energy drop out. 
Averaging and expressing the vector potential in 
terms of the field we get the following expression 
for the free energy 


a Rosy 4 [OU \? fy &e ae 
Tate + orere Zing (ara) 1 24kT Dana (> (©) 


F=—kT InZ=Fa—F>%- 


G. KAPLAN 


By changing the integration variables one shows 

easily that the statistical average of # (r) is 

equal to an average over the volume. The first 

two terms in the free energy are independent of 

the magnetic field and we denote them by Fo. 
We have finally 


he " 
Te oa 24kT Z (<)\amay, ©) 
where 
N Ce 4 ee 
OS pp N, ol 


a a 
The magnetic term in the free energy is in the 
given approximation thus independent of the par- 
ticle interaction. It is thus obvious that the dia- 
magnetic susceptibility obtained from our for- 
mulae for an electron gas is the same as the cor- 
responding expression of Landau’s for free elec- 
trons taken in the same approximation (see 
reference 5). Indeed, 


2 
ee ee (5) 
0H? 12kT mc? 3kT 
where Ly is the Bohr magneton. 


I am grateful to L. P. Pitaevskil for advice and 
helpful discussions. 
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°F. Bloch, Molecular Theory of Magnetism 
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The energy dependence of the cross section for elastic scattering of y quanta near the photo- 
nuclear threshold is investigated with the help of the dispersion relation for forward scatter- 
ing. The first peak in the scattering cross section is attributed to dispersion effects. Exper- 
iments required for a more detailed analysis are discussed. 


lp A recent investigation of the scattering of y 
quanta by deuterons below the threshold for pion 
production with the help of dispersion relations! 
shows that photonuclear processes have a very 
strong effect on the elastic scattering of y quanta 
in a wide region of energies (up to ~ 100 Mev). 
In the present paper we discuss the scattering of 
low-energy y quanta by nuclei. 

Fuller and Hayward,’ as well as Penfold and 
Garwin,’ have already used dispersion relations 
for the analysis of the elastic scattering of y 
quanta by nuclei. However, they considered only 
the scattering above the threshold for the (yN) 
reaction. Taking the formation of particles in the 
S state into account leads to the known non-mono- 
tonic behavior near the threshold for the (yn) 
reaction. The dispersion relations not only allow 
us to discuss the Wigner-Baz’ effect, but also to 
take account of the general effect of inelastic 
processes on the energy dependence of the elastic 
scattering amplitude in a wide region of energies. 
It appears to us that, within the framework of the 
dispersion relations, the first peak in the scatter- 
ing cross section of y quanta? is related to the 
near-threshold effects in a natural way. 

We restrict the discussion to forward scatter- 
ing. In the dipole approximation, which, apparently, 
does not contradict the experimental data on the 
absorption of y quanta by nuclei up to ~ 30 Mev,’ 
our results are also valid for other scattering 
angles and for the total elastic scattering cross 
section os (V). 

2. The scattering amplitude for y quanta has 
the form 


T = R, (ee) + Reo ([kxe]xfk’xe’]) + (e’e) [Ri + (kk’) Re] 
— R; (ke’) (k’e) (1) 


for a spinless nucleus and 


T = R, (e’e) + Rz ([kxe] [k’xe’]) + iRs (¢ [exe]) 
+- iR,(o[[kxe’ }x[kxe]])+-7Rs [(¢k) (e [kx e’])—(ok’) ({kxe] e’)] 


+ tRe [(ok’) ([k’xe’] e) — (ek) (e’ [kxe])] (2) 


for the scattering from a nucleus with spin yy 
The corresponding expressions for nuclei with 
larger spins are more complicated. 

In the dipole approximation only R, is different 
from zero. Dispersion relations can be written 
down for all scalar functions Rj. The imaginary 
parts of the amplitudes are related to the cross 
sections for absorption of y quanta in different 
states by the unitarity condition. The scattering 
amplitude for y quanta at low energies is known, 
so that the real and imaginary parts of all Ri can 
be calculated from the data on the absorption of y 
quanta in different states with the help of the dis- 
persion relations and the unitarity condition. How- 
ever, up to the present time no detailed analysis of 
the absorption of y quanta by nuclei has been car- 
ried out. Therefore we restrict ourselves to the 
dispersion relation for R,; + Ry, which has the 
usual form 


Re [R, (v, 9 = 0°) + Ra (v, 8 = 0°)) 


(3) 


In the literature accessible to us (see the new 
review article of Wilkinson‘) we did not find de- 
tailed information on the energy dependence of the 
cross section for absorption of y quanta by nuclei. 
Only in the case of Hes (and the deuteron) is the 
photodisintegration cross section known in a wide 
region of energies.” Experimental data on ot (Vv) 
for aluminum up to ~ 30 Mev were obtained re- 
cently by Mihailovié et al.6 These authors found 
evidence of a fine structure in the dependence of 
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the cross section in the region of the giant reso- 
nance. Data for the region near threshold are not 
available. By smoothing out these experimental 
data, we obtained with the help of relation (3) the 
energy dependence of the scattering amplitude 
shown schematically in Fig. 1. This behavior of 
the scattering amplitude is apparently character- 
istic for a whole group of nuclei with large o;(V). 

The photodisintegration of the deuteron leads to 
a decrease in the cross section for yd scattering 
near the threshold, as compared to the Thomson 
cross section. However, for other nuclei with a 
large absorption cross section the picture is dif- 
ferent. Since the dispersive part of the amplitude 
below and slightly above the threshold is positive, 
the total amplitude vanishes at some energy below 
v_ and then becomes positive (in the case of the 
deuteron! the amplitude does not change its sign). 
Above the threshold the real part of the amplitude 
decreases rapidly, goes through zero, and becomes 
negative, increasing in absolute value with increas- 
ing energy. Above the threshold, the amplitude has, 
of course, both a real and an imaginary part. 

All this leads to an energy dependence of the 
scattering cross section which is shown in Fig. 2. 


Oo 


FIG, 1 


FIG. 2 


In its general behavior, it agrees with the experi- 
mental data.? For the aluminum nucleus the scat- 
tering cross section reaches the value dg (Vv) 

~ 2x 1078 cm? in the region of the first maximum, 
which is close to the experimental value. It is 
clear that, if the dispersion effects are not so 
large as to change the sign of the scattering am- 
plitude in the threshold region, the first maximum 
will not appear. 

The ratios between the cross sections at the 
maxima for different nuclei are connected with the 
relative role of the absorption of y quanta in the 
region near threshold and in the region of the giant 
resonance. The fact that not only the region near 
threshold, but also the giant resonance, gives a 
contribution to the first maximum leads to an ap- 
preciable widening of this peak. The half-width 
for aluminum exceeds 2 Mev. 
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In the evaluation of the data on the absorption 
of y quanta by aluminum we did not consider the 
effects connected with the difference in the thresh- 
olds for the (yp) and (yn) reactions, and we also 
neglected the resolving power of the apparatus. 

It seems to us that a more detailed analysis would 
lead to little change in the basic result. 

3. The interpretation of the energy dependence 
of the cross section for scattering of y quanta by 
nuclei proposed earlier’ is thus apparently con- 
firmed. Owing to the relatively poor accuracy of 
the experimental data on the absorption cross sec- 
tions and to the absence of data on the absorption 
cross sections for a whole series of nuclei, it is 
not possible now to conduct a reliable analysis for 
all nuclei whose scattering properties are known. 

The fruitfulness of using the dispersion rela- 
tions in the analysis of the scattering of y quanta 
by nuclei makes it feasible to conduct a whole 
series of investigations with y quanta. First of 
all, it appears necessary to obtain information on 
the energy dependence of the absorption cross 
sections of y quanta in the region near threshold 
as well as in the region of high energies. The con- 
sideration of the cross sections for photoproduc- 
tion of pions in the calculation of o¢(v) may be- 
come necessary in the energy region of ~ 120 to 
150 Mev and above. Knowing the absorption cross 
sections in a wide region of energies, one can ob- 
tain information on the polarizability of nuclei. For 
Al the polarizability 


a =(sRe(Ri+ R)|_)=sarP 


dav? v=0 
turns out to equal ~2 x 10° cm? (the error may 
be as large as 50%). For He} the value is a 
= (0.70 2 0,05).x 10° cm?. 

A more detailed phenomenological analysis of 
the absorption of y quanta in a wide region of 
energies becomes inevitable if one wants to obtain 
information on the spin dependence of the disper- 
sive parts of the scattering amplitudes for the y 
quanta. On the other hand, the dispersion relations 
and the unitarity of the S matrix can be used to ob- 
tain information on the absorption cross section 
from the experimental data on the scattering of y 
quanta by nuclei. For this purpose the inverse 
dispersion relations may prove to be convenient. 

The authors are grateful to Ya. A. Smorodin- 
skii for useful comments. 


'L. I. Lapidus and Chou Kuang-Chao, JETP 
(in press). 


EEASTIC SCATTERING OF GAMMA QUANTA BY NUCLEI 


cudaa e Fuller and E., Hayward, Phys. Rev. 101, 
692 (1956). 


PS, Penfold and E. L. Garwin, Phys. Rev. 
116, 120 (1959). 

*D. H. Wilkinson, Ann. Rev. Nucl. Sci. 9,1 
(1959). 

PAN: Gorbunov, Tr. FIAN (Proceedings of the 


Physics Institute, Academy of Sciences) 18, 145 
(1960). 


Co 
° Mihailovié, Prege, Kernel, and Kregar, Phys. 
Rev. 114, 1621 (1959). 


"L. I. Lapidus and Chou Kuang-Chao, JETP 39, 
112 (1960), Soviet Phys. JETP 12, 82 (1961). 


Translated by R. Lipperheide 
196 


SOVIbT PHYSICS In EP 


VOLUME 12, 


NUMBER 4 APRIL 19 GF 


ANNIHILATION OF AN ANTIPROTON-PROTON SYSTEM 


E. O. OKONOV 
Joint Institute of Nuclear Research 


Submitted to JETP editor May 12, 1960 


J. Exptl. Theoret. Phys. (U.S.S.R.) 39, 1059-1061 (October, 1960) 


A strong dependence of the annihilation transition matrix on the isotopic and spin states of 


the antiproton-proton system may significantly affect the annihilation process. 


In particular, 


a predominance of the {S) state during annihilation may lead to an increase of the multiplicity 
of the 7 mesons, and annihilation occurring mainly in the singlet state may inhibit two-meson 
annihilation. Experiments are suggested to ascertain whether such a dependence occurs in 
reality. It is also pointed out that an experiment can be performed to determine whether the 
capture of stopped antiprotons takes place from the S orbit in accordance with the estimates? 


made for K mesons. 


M. I. Shirokov and myself! have shown that the 
study of the annihilation of an antiproton-proton 
system into two 7 mesons may yield information 
about the internal space and charge parities of 
this system. It appeared, in particular, that the 
two-meson annihilation is generally forbidden if 
the charge parity of the (pp) system is opposite 
to that prescribed by the Dirac equation. Until 
now more than 300 cases of antiproton annihilation 
on a proton have been registered, but no annihila- 
tions into ™ and m have been detected among 
them.! Considering the small statistical weight of 
the two-meson annihilation,* it is premature to 
draw any conclusions on the basis of this experi- 
mental evidence. Nevertheless, it does merit 
attention, as was also noted by Segré.” 

It should be noted in this connection that this 
experimental situation can also be interpreted 
with the help of less fundamental assumptions, 
which do not go beyond the consequences of the 
Dirac equation. As was already mentioned in the 
discussion of the available experimental data, the 
suppression of the reaction p+ p— 7 + 7” can 
be due to the fact that the annihilation occurs 
mainly in the singlet state of the (pp) system.‘ 
In this case the emission of two 7 mesons is for- 
bidden for the lowest orbital states of the (pp) 
system by the conservation laws for the space and 
charge parities. This was first noted by Amati 
and Vitale." 


*According to the different versions of the statistical theory 
which lead to satisfactory agreement with the experimental 
value of the average multiplicity of the 7 mesons, the share of 
the two-meson annihilation should amount to 3 to 5% (see, for 
example, reference 3). 


There is nothing unnatural about the above as- 
sumption. It is entirely possible that the annihila- 
tion transition matrix has a strong dependence on 
the isotopic and spin states of the (pp) system.* 
From this point of view it is of definite interest 
to investigate the relative probability for annihila- 
tion from different states of the (pp) system, 
especially from the S state (the simplest case), 
where this dependence should have its most ex- 
plicit form. This investigation is greatly facili- 
tated if the estimates of Day et al.,° which show 
that the stopped K” meson (or antiproton) is 
captured by the proton mainly from the 8S orbit, 
are correct. The validity of this assertion can be 
confirmed experimentally in the case of the anti- 
proton, by considering the annihilation into two 7° 
mesons. According to the existing selection rules, 
the annihilation into two 7° mesons is forbidden if 
the antiproton is captured from an S state. The 
emission of two 7? mesons during the annihilation 
can therefore serve as evidence for the admixture 
of higher orbital states. 

The crosses in the Table indicate forbidden 
annihilation transitions for the (pp) system in an 
S state, in accordance with the well-known selec- 
tion rules (see, for example, reference 6). 

It is seen from the table that the (pp) system 
can go into ™ + 7 only from the state 351, so 
that the absence of such transitions in the annihi- 


*Thus, for example, the existence of the 7 meson in the 
framework of the Fermi-Yang model points to a strong attraction 
between the nucleon and the antinucleon in the singlet state 
with isospin I= 1. On the other hand, the analogous bound 
states with spin o = 1 and the state with I = 0, o = 0 (the so- 
called 7} meson) do not seem to exist. 
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State of the j { 3 3 
(pp) system | 1° a: {91 351 


Spin | 
Isospin 
Parity 
Charge 

parity = a 


= 


270 
7 a 
370 
mtr 10 | 
40> 
utre—219 
2ut2n- | 


t+++ 
i 


++ 


lation of stopped antiprotons can indicate a sup- 
pression of this channel. The study of the annihi- 
lation into three 7 mesons permits us to deter- 
mine the ratio between the probabilities for anni- 
hilation from the states 4S) and 3S,, which have 
different ordinary and isotopic spins (for the 
other two S states the three-meson annihilation 
is forbidden). If the annihilation went predomi- 
nantly through the channel with I=1 (i.e., from 
the state aso ), we would obtain the definite isotopic 
ratio 


w(p+pom +a + n)/w(p+p— 3a) ==. (1) 


Since a transition from the state }S,; into three rr? 


mesons is forbidden by the conservation law for 
charge parity, the contribution to the annihilation 
from this state should lead to an increase of the 
ratio (1). A measurement of this increase will 
enable us to make some quantitative estimates. 
The isotopic functions describing the system 
(17) resulting from the annihilation from the 
states aS, and 3S, will, respectively, be symmetric 
and antisymmetric under charge conjugation. This 
imposes some definite restrictions on the type of 
space symmetry, since the total wave function, 
expressed in terms of bilinear combinations of 
isotopic and coordinate functions, must, of course, 
be symmetric, because it describes a system of 
Bose particles. As a result, the system (mim) 
is symmetric under the interchange ™* = 7 in 
the state with I = 1, and antisymmetric in the 
state with I= 0. This provides us with another 
criterion for distinguishing the case where the 
annihilation proceeds predominantly from the state 
1s, (3S;), so that we can dispense with the regis- 
tration of the difficult to observe annihilation into 
three 7 mesons. 
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In this case the momentum of the 7 (7 ) 
mesons should exceed the momentum of the 7 
(7 ) mesons in half of all annihilation events. A 
violation of this ‘‘symmetry’’ should indicate the 
admixture of annihilations from the state 4S, 

(3Sp ). 

The different behavior of the various states of 
the (pp) system with regard to its ‘“‘decay’’ into 
™ mesons can seriously affect the value of the 
average multiplicity of the 7 mesons in the anni- 
hilation process (N;). Thus, for example, a 
predominant annihilation from the state ‘Sh leads 
to an increase of Nz, since from this state the 
(pp) system must decay into at least four 7 
mesons. It is possible (although rather improb- 
able) that this is precisely the reason for the 
high multiplicity of the 7 mesons in the annihila- 
tion process. If this is actually the case, then Nr 
should decrease for higher orbital states of the 
(pp) system (annihilation at higher energies of 
p). 

The study of the annihilation at higher energies 
also allows us to determine whether the prohibition 
of two-meson annihilation (if it really exists) has 
absolute character, or whether this type of reac- 
tion for S (and, perhaps, P) states is simply 
suppressed for reasons which do not go beyond the 
framework of the Dirac theory. 

I take this opportunity to express my gratitude 
to V. S. Barashenkov, S. M. Bilen’kii, and V. I. 
Ogievetskil for a discussion and critical comments. 
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It is well known that neutrons with spins oriented along a magnetic field are repelled from 
regions of strong field. This makes it possible to use magnetic mirrors and channels for 
obtaining focused beams of polarized neutrons. By surrounding an evacuated region by 
magnetic mirrors one can accomplish the confinement of cold neutrons. In the paper we 
consider conditions of adiabaticity necessary for maintaining the orientation of the spin 
relative to the field, we give some possible configurations for the magnetic field, and make 
estimates of the intensities of polarized beams and neutron densities in a magnetic bottle. 


1. INTRODUCTION 


Tue energy of the magnetic moment of a neutron 
in a magnetic field is usually small compared to 
the kinetic energy of a thermal neutron. The mag- 
netic moment of the neutron (—1.913 nuclear mag- 
netons ) is equal to 


uw = —6,03-10°"%ev/oe. (1) 


The magnetic field in not too complex magnetic 
structures reaches values of the order of several 
thousands of oersteds. The corresponding energy 
is consequently of the order of 107’ — 107° ev. 
Neutrons with such small energies can alter their 
motion drastically under the action of magnetic 
forces and, in particular with a suitable orienta- 
tion of their spin, will be reflected from regions 
with high values of magnetic field. Neutrons with 
higher energy «€ can be reflected from a magnetic 
mirror only for sufficiently small grazing angles 


sina<V pH /e. (2) 


Despite the relatively small size of magnetic 
forces, there is a possibility of using a magnetic 
field in vacuum for obtaining beams of polarized 
neutrons. The choice of a suitable configuration 
of magnetic field gives a possibility for focussing 
beams and obtaining intensities somewhat greater 
than for the case of a magnetized cobalt mirror. 
Finally, when various conditions are satisfied, one 
can achieve an apparatus for confining super-cold 
neutrons which would make it possible to measure 
the lifetime of the neutron independently of an ab- 
solute calibration of the intensity of the neutron 
beam. 

The magnetic energy of a neutron in an external 
field is equal to + |wH| for a neutron with spin 
projection sq = + / on the direction of the mag- 


netic field. The quantity sq is an adiabatic invar- 
iant. This means that for sufficiently slow change 
in direction of the magnetic field the spin turns 
with the field and no depolarization results. The 
angular velocity of rotation of the field vector v 
must be small compared with the frequency of 
precession of the magnetic moment in the field: 


v<2pH /h. (3) 


When the adiabatic condition (3) is satisfied suffi- 
ciently closely, one can solve the problem of the 
motion of neutrons purely classically by treating 


+ 


| u4H(x) | as a potential energy for two types of 


particles (neutron with spin along the field, and 
neutron with spin opposite to the field ), which do 
not change into one another. Before considering 
various applications, it is worthwhile to investi- 
gate in more detail cases of possible breakdown 

of the adiabatic condition and to estimate the prob- 
ability of a flipping of the neutron spin in passing 
through such dangerous regions. 
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2. ADIABATIC CONDITION 


A characteristic case of breakdown of adiabatic- 
ity is the passage of the neutron near a point where 
H=0, or a region of rapid rotation of the field. 

To investigate changes in orientation of the spin 

we may give the field as a function of time. Over 

a sufficiently small interval we may regard the 
field H as a linear function of time. Obviously 
then | H | reaches a minimum at that moment 
when H1H. Choosing this point as the reference 
origin for the time, and choosing the x and z axes 
along Hmin and H, respectively, we obtain 

iO, 


. 


ies Const H,=thH, HT = const. 


(4) 


The spin wave function ~ = ( 


f) satisfies the 
equation 
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ihap + pH 6rp+ptHoap = 0. (5) 
Introducing the notation 
o = pH,/h, a=pH/i, (6) 
we rewrite the equation in explicit expanded form 
iy + wp —aty = 0, (7) 


where w is one-half the precession rate of the 
spin. Eliminating y, we get 


ip + wy + ate =0, 


@ + (@ — ia + af?)o = 0 (8) 
The substitution 
Orem, z= — iat (9) 


reduces this equation to the confluent hypergeo- 
metric equation 


(10) 


The two solutions of the confluent hypergeometric 
equation give the function g(t) which is regular 
for t= 0: 


7) = eats {C,F (a, Fe 


— iat?) 


+ CsiwtF (a+ 4/5, 3/2, —iat?)}, (71) 


where a = w’/4dia. Expressing the second ampli- 
tude in terms of these same constants we get 


X= efat2 {c,iwtF («+ 1, 3/,, —tat?) 


+ CF (& + 4/2, Ya, —iat®)}. (12) 


In view of the identity F(a, y, z) = e#F(y-a, y,-z) 


these formulas are symmetric with respect to the 


interchange yg = x, z— —z. Using the asymptotic 
expressions for the confluent hypergeometric func- 


tions, it is easy to set up the expressions for the 
amplitudes, valid for t ~ + =: 


C1 


e(ij=Vur™ Eee 


erect att} 
a =I (Gi ee /2, 


i@ 
Ser ara ac 


iw C1 t 


1, (t) = Viner | 2V aia F+a) [Fy 


+ rappay | (atte ior (13) 


Here t is assumed to be real, the factors to the 


right of the square brackets have a modulus equal 
to unity, and the normalization of the functions is 


the usual one: 
jpP?—=leP+l xl? =lal+ lee. 


In the asymptotic expressions only the leading 
terms have been kept. 


(14) 
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It is now easy to obtain the probability for a re- 
orientation of the spin. Taking for t > — ~, 


Loree ly a0; (15) 
we find a solution for t —~ + ~, 
aint Alles a eo a (16) 


If we consider that the magnetic field has reversed 
its direction, then for complete adiabaticity we 
should expect the values | g |?=0, | y |? =1 for 


t— +0. The factor e~™?/a ig equal to the proba- 
bility of non-adiabatic re-orientation of the spin 
with respect to the field direction. Introducing the 
effective time for re-orientation of the field 


t=v-1=H,/H = ofa, 


(17) 


we can write the probability for re-orientation of 
the spin in the form 


w = Canes < 


(18) 


If the neutron undergoes a large number Np of 
passages near danger points, the necessary condi- 
tion for preserving adiabaticity is Npw «1. For 
the minimum value of the magnetic field we obtain 
the estimate 


TH min | | H| > In Np. (19) 


The important thing is that the probability of re- 
orientation of the spin falls off exponentially with 
increase of the dimensionless factor wt. This 
makes it possible for each particular case to 
choose such a value of Hin that the non-adiabatic 
reorientation of the spin can be neglected. 


3. MAGNETIC FIELD CONFIGURATION 


Let us first consider a plane magnetic mirror. 
A period structure of conductors placed in the 


grooves of an iron magnet support (Fig. 1) gives a 
magnetic field which, even at relatively small dis- 
tances, is described very well by the formula 


Hy, = Hye sinkx, Hy = Hye coskx, k= 2n/h, (20) 


where J is the period of the structure. For 


H=|H| we get 
ie Hie 72: (21) 


Such a structure of magnetic field is convenient 
for obtaining a potential barrier near the walls 
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FIG, 2 


and can serve as the prototype for constructing 
magnetic focussing channels and closed regions. 
We give some data for rough engineering compu- 
tations. The power supply (in W/cm?) for a good 
filling of the groove with copper is 


Pe Hh, (22) 


where Hp is in kilooersted, and the depth of the 
groove h in centimeters. If the depth of the groove 
is approximately equal to the step in the structure, 
h ~ x, the induction in the lower part of the groove 
will be approximately four times Hy. In this con- 
nection, the value Hy ~ 5,000 oe should be re- 
garded as a reasonable economic limit for the 
value of the mirror field. For smaller depth of 
groove, because of a somewhat increased power, 
one can achieve a field up to 7 —8 koe. 

For magnetic focussing channels (neutron pipes 
for cold neutrons ) one can use different variants 
of arrangement of such structures on a cylindrical 
surface. Placing the poles along the generator of 
a cylinder (Fig. 2), we obtain a multipole lens (an 
octupole lens in the figure) with a field lying in 
the plane perpendicular to the axis of the lens: 


Hp (fh) f,) ea tsining, Heir) cosma ss (23) 


where m is the number of pairs of poles. In par- 
ticular, for m = 3 one gets the well-known case of 
a sextupole lens, which is used for focusing mole- 
cular beams. 

A second variant corresponds to arrangement 
of the poles along equidistant circles (Fig. 3). The 
field is then given by the formulas 


H, = 1) (kr) sin kz, fin, (Rr )icos kz, (24) 


where I, is the Bessel function of imaginary argu- 
ment. 

Finally, a mixed variant is possible with an 
arrangement of the poles along a helix (Fig. 4). 
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FIG. 4 


The field in this case has a somewhat more compli- 
cated structure: 


H, = 1), (kr) cos (mp — kz), 


H, = —(m/kr) 1m (kr) sin (m@ — kz), 
H, = 1 (kr) sin (mp — kz). (25) 

Each of these variants has its advantages, and 
no one of them is universal. The variant with the 
multipole lens (Fig. 2) is relatively simple in con- 
struction. The danger associated with breakdown 
of adiabaticity at the field nodes can be easily 
eliminated if we place along the cylindrical surface 
a small auxiliary winding giving a weak constant 
longitudinal field H,. Some construction difficul- 
ties can arise because of the necessity of changing 
the diameter of the pipe along its length and for 
bends in the channel. 

The variant with disc-shaped poles (Fig. 3) does 
not have these disadvantages, since the magnetic 
circuit can consist of individual discs with their 
own windings. By smoothly varying the diameter 
and number of ampere turns in the lenses, one can 
achieve a widening of the channel and even a change 
in the period of the structure. By placing the disc 
lenses at small angles to one another, one can 
change the direction of the channel. We must re- 
gard as a defect of this variant a certain difficulty 
in satisfactorily eliminating possible breakdowns 
of adiabaticity at the field nodes: in this case the 
field vanishes not on nodal lines, but at isolated 
nodal points on the axis. The probability of passage 
through a node is small, but nevertheless it is not 
equal to zero. At the nodal points, all three Car- 
tesian components of the field have a finite longi- 
tudinal derivative, so that the addition of a small 
constant field can only shift the nodal point, but not 
eliminate it. When nodal lines were present in the 
case of a plane field, it was sufficient to add a 
small component of field along the nodal line. 
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A channel with disc lenses can be used appar- 
ently only in those cases where the total number 
of passages in the neighborhood of nodal points is 
small: for example, for single passage of neutrons 
through a relatively short channel. 

The helical structure of the channel for m = 1 
(two-pole helix) gives a magnetic field which has 
no nodal lines or nodal points. Therefore, the 
magnetic channel shown in Fig. 4 can be used with- 
out any auxiliary windings. Construction difficul- 
ties arise for turns of the channel and changes in 
cross section. The transition to another cross 
section does not require changing the ampere turns 
in the winding, as in the case of multipole lenses, 
but one need only preserve sufficiently well the 
constancy of the width of the pole and the groove. 
However, the shape of the poles and windings in 
these transitions will be quite complex. 

All the configurations enumerated for magnetic 
mirrors and channels are computed on the basis of 
repulsion of neutrons with spin parallel to the 
field from regions with high field value. One can, 
of course, also use the attraction of neutrons of 
opposite polarization. However, neutrons with 
anti-parallel spin will necessarily be attracted to 
the magnetic poles or conductors carrying current 
and will be lost. 

An exception might be the following lone case: 

a rectangular conductor with field H=2J/r. In 
the neighborhood of the conductor, for neutrons 
with anti-parallel spin, there will be an attraction 
with potential — 2uJ/r. In combination with the 
centrifugal potential M’/2mr’ this gives a certain 
region of stable helical motion (Fig. 5) for neutrons 
which have a suitable value of their initial angular 
momentum M < 2 V¥myrjpJ around the axis of the 
conductor. Here it is essential that the region 
accessible for motion of the neutrons be doubly 
connected, and any supports of the conductor will 
result in a partial loss in beam. 


4. POLARIZED BEAMS 


One possible application of mirrors with peri- 
odic magnetic structure may be the obtaining of 
beams of polarized neutrons. It is easy to see that 
the plane mirrors of the type shown in Fig. 1 do 
not have any advantages compared to the cobalt 
mirrors used at present, since the maximum graz- 
ing angle for a cobalt mirror is 2—3 times greater 
than for the period structure and correspondingly 
one has a higher intensity for the same size of 
mirror. 

In the case of magnetic channels of cylindrical 
shape, certain advantages appear, associated with 


743 


FIG. 6 


focussing of the beam. The beam intensity in a 
long magnetic channel is equal to 


(26) 


where hv is the flux of thermal neutrons at the 
wall of the reactor, a is an angle given by formula 
(2), S is the cross section area of the channel. 
The factor associated with solid angle is smaller 
than in the case of the cobalt mirror. However, 
the beam cross section in this case may be con- 
siderably greater. As a result, by using a suffi- 
ciently large magnetic channel with periodic struc- 
ture, one can apparently obtain in practice a beam 
intensity several times (3—5) greater than with 
a good cobalt mirror. Of course, one should keep 
in mind that the magnetic channel is an extremely 
complicated gadget compared with a cobalt mirror. 
Thus, for example, for neutrons with energy 

~ 3 108" ev emerging from the reactor, the 
limiting angle for a field of 5000 oe is a = 107°. 
The length of channel must be no less than 2r/a, 
i.e. Several tens of meters even for a beam only a 
few centimeters in diameter. 

It is possible that the use of magnetic channels 
will turn out to be useful for obtaining beams of 
cold polarized neutrons with energies of the order 
of 10°*— 107° ev. In this case, the glancing angle 
is somewhat larger, and the focussing properties 
of the channel can be used at smaller sizes. For 
purposes of reducing background one can use in 
place of a simple cylindrical mirror a periodic 
structure arranged on the surface of a highly pro- 
late ellipsoid of revolution (Fig. 6) similar to the 
electrostatic mirror proposed by Grigor’ev.! In 
this case one can place a fast neutron shield along 
the axis of the channel. 


5. CONFINEMENT OF COLD NEUTRONS 


By applying the principle of reflection of neu- 
trons from regions with high values of magnetic 
field, one can realia? confinement of neutrons in 
vacuum by two methods: by bending the magnetic- 
ally focusing channel into a ring, or making a sim- 
ple, singly-connected region surrounded by a 
strong magnetic field. In the first case, there is 
a possibility for keeping neutrons with energies 
considerably exceeding the height of the magnetic 
potential barrier, and even to increase consider- 
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ably the phase volume of the neutron beam which 
can be captured in such an apparatus. However, 
motion of the neutron beam with small solid angle 
in such a ring channel would be based on an ap- 
proximate independence of the transverse and 
longitudinal degrees of freedom, i.e., on the exis- 
tence of approximate integrals of the motion. Over 
a long period of time even slight inaccuracies in 
the magnetic field configuration would lead to ex- 
change of energy between these degrees of freedom 
and to loss of the neutrons as a result of their go- 
ing beyond the admissible boundaries in solidangle. 

In this connection, the estimates of possible 
neutron densities in ‘‘magnetic bottle’’ which fol- 
low refer to such a filling of the phase volume for 
which the moving of neutrons away from the walls 
is associated not with approximate integrals of the 
motion, but only with their total energy in the mag- 
netic and gravitational fields, which for a field con- 
stant in time is an exact integral of the motion: 

p?/2m + |wH | + mgz = const. (27) 

Here at each point inside the magnetic bottle 
motion of the neutrons is permitted in any direc- 
tion, but the velocities are extremely small - of 
the order of 2—3 m/sec. Complicated regions 
similar to a torus have no advantages in this case, 
and magnetic channels are conveniently used only 
for initial filling of the volume with neutrons. Such 
a method for confining cold neutrons is very simi- 
lar to that proposed by Zel'dovich’ for preserving 
cold neutrons in vacuum by means of a potential 
barrier at the surface of a material with a positive 
coherent scattering amplitude. 

If we take the magnetic channel from the reac- 
tor wall to some vacuum region surrounded by a 
magnetic field of periodic structure, it can be 
filled with super-cold neutrons with energy less 
than the value of the potential barrier wH ® 3 
x 1078 ev (for H = 5000 oe). Moreover, one can 
carry out an isolation of the magnetic channel from 
the volume intended for storage by using a mag- 
netic plug. After this the magnetic field in the 
channel can be switched off, or one can even dis- 
connect the channel mechanically to eliminate 
background. 

The time during which cold neutrons will re- 
main in a magnetic bottle should be determined 
only by the half-life if the experimental arrange- 
ment is properly done. The number of neutrons 
remaining after a definite time of storage can be 
measured by a counter which during the storage 
time is either switched off the bottle by a magnetic 
field, or simply fed in and removed from the vol- 
ume of the bottle. 
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To estimate the density of cold neutrons in the 
bottle we can use the formula 


n= (2ne/3V x) (wi / 8)”, 


where n is the neutron density in the bottle, n@ is 
the density of thermal neutrons at the boundary of 
the reactor, © is the neutron temperature. Here 
it is assumed that the cold part of the neutrons at 
the surface of the reactor is described by the usual 
thermal spectrum. Actually, the number of cold 
neutrons will be somewhat smaller because of ab- 
sorption. The correction factor is approximately 
equal to 


(28) 


59 / (Sq + Sa), (29) 
where oq is the absorption cross section, gg is 
the cross section for the process of energy ex- 
change of the neutron with the moderator. In 
crystalline bodies, the cross section for inelastic 
scattering (collision with phonons ) increases for 
cold neutrons proportional to Van as does the ab- 
sorption cross section. Because of this, there is 
no reason to expect any essential reduction in the 
factor (29) for super-cold neutrons. For good 
moderators (graphite, beryllium) it is close to 
unity. Heavy water in both liquid and solid state 
also satisfies the condition og « oy) for extremely 
cold neutrons, and can be used as a source in such 
an experiment. The feasibility of using ice made 
from ordinary water and other cooling agents of 
solid hydrogenous materials requires more de- 
tailed investigation, since the absorption cross 
section of hydrogen is comparatively large, while 
the experimental data concerning inelastic cross 
sections for supercooled neutrons are not known in 
sufficient detail. Butterworth, Egelstaff, et al.? 
have used liquid hydrogen inside a reactor as mod- 
erator and obtained an increase in yield of cold 
neutrons compared with the beam from a graphite 
scatterer by a factor of 20 — 25. 

The interaction of cold neutrons with vibrational 
degrees of freedom for chemically bound hydrogen 
in solids at low temperatures is relatively small.) 
The cross section for exchange of energy at low 
temperatures is of the same order as the absorp- 
tion cross section, which limits the efficiency of 
cold coolants of hydrogen-containing moderator. 

It is possible that, despite the technical difficulties 
of working with liquid hydrogen inside a reactor, 
this method for obtaining an intense beam of cold 
neutrons is the most efficient. 

For a reactor with a thermal neutron density of 
10° cm~, the estimate (28) gives a value of the 
density in the magnetic bottle of the order of 
104m >. The use of cryogenic techniques inside a 
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reactor may increase this quantity by at least an 
order of magnitude. 

In connection with the small value of the mag- 
netic potential barrier, it is necessary to consider 
various secondary phenomena which may affect 
the collection and storage of cold neutrons ina 
magnetic bottle. Among such effects are: the in- 
fluence of gravitation; the influence of a surface 
potential barrier on the boundary of the body, which 
serves as a source of cold neutrons, and also in 
possible thin shells along the path of the beam; 
heating and absorption of neutrons in collisions 
with residual gas and heating associated with me- 
chanical vibrations of the magnetic bottle and 
noise in the magnetic field. 

The force of gravity produces a potential energy 
varying with height approximately by 107° ev/cm. 
Consequently, neutrons with an energy of 
3 x 1078 ev can rise above the surface of the mir- 
ror to a height no greater than 30 cm. In this con- 
nection, the magnetic bottle need not necessarily 
be closed, but can be constructed in the form of a 
cup or a plate with the heavy neutron gas poured 
into it. The gravitational potential has an essential 
influence on the possible arrangement of the mag- 
netic bottle near the reactor. Obviously, one can 
not place the storage region for cold neutrons 
lower than the point where the magnetic channel 
meets the reactor. In this case, even the slowest 
neutrons would be accelerated by the gravitational 
field, and the potential barrier of the magnetic 
field could not retain them. If the magnetic channel 
is arranged horizontally between the reactor and 
the storage region, the gravitational field will have 
practically no effect on the process of filling the 
magnetic bottle with neutrons. 

There is also the possibility of arranging the 
magnetic bottle above the reactor and connecting 
it with the neutron source by a vertical channel. 

In this case, those neutrons will reach the storage 
region which when they were below had a velocity 
sufficient for overcoming the gravitational barrier. 
For a sufficiently exact arrangement of the mag- 
netic channel, the degrees of freedom correspond- 
ing to the vertical and horizontal motion in it will 
be separated. In motion along the channel, the 
vertical component will change in accordance with 
the increase in gravitational potential, while the 
distribution of horizontal velocities will not depend 
on height. In the lower region, neutrons which are 
able to reach the bottle will move within a com- 
paratively small solid angle. In the upper portion 
of the channel there will be all directions of mo- 
tion. Since we are considering a single passage 
through the channel, the effect of inaccuracies on 


the separation of the degrees of freedom will not 
be too critical. 

At the boundary of a material with a coherent 
scattering amplitude a and an atom density N, 
there is a potential barrier 


= 20h? Nal m, (30) 


where m is the neutron mass. For most light 
materials this potential is of the order of 10~” ev. 
Obviously, in the neutron spectrum emerging from 
a material with positive scattering amplitude there 
will be very few neutrons with energy below the 
height of the barrier, since such neutrons can be 
produced only in the immediate surface layer of 
the material. (They must have negative kinetic 
energy inside the body.) If along the path of the 
neutrons from the source, located at the surface of 
the reactor, there is no change in the velocity of 
the neutrons until they reach the bottle region, then 
one can use as a source of cold neutrons with en- 
ergy below 107" ev only materials with negative 
scattering amplitude. Of the light elements only 
hydrogen has a negative coherent scattering ampli- 
tude. 

By making use of the gravitational potential one 
can, aS was described above, transform the neu- 
tron spectrum leaving the reactor and obtain neu- 
trons with kinetic energy of the order 107° ev even 
from a source with positive scattering amplitude. 
So, for example, in the case of a graphite source, 
which has a positive potential ~1.5 x 107’ ev, one 
can obtain very cold neutrons with a length of ver- 
tical magnetic channel of the order of 1.5 m and 
more. 

The repulsive action of nuclei with positive 
scattering amplitude eliminates the use of even the 
very thinnest films of such materials in cold neu- 
tron counters. For these purposes one can use 
only materials with negative scattering amplitude. 

Let us consider the estimates of heating of neu- 
trons associated with vibrations of the walls of 
the bottle. The number of collisions of the neutron 
with the walls, Neo], during the time of observa- 
tion t is equal to 

Neoliw0t, (31) 


where J is the linear dimension of the bottle, v is 
the velocity of the neutrons. The change in kinetic 
energy of the neutron is given by 


Om-ibe = Av? = 2Mcou Yims (32) 


where vy is the effective velocity of the reflecting 
wall which is made up of mechanical vibrations 
and the fluctuations in the magnetic field 


Vcr = Uvib + RH/H. (33) 
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The important vibrations are those with periods at 
least as great as the collision time of the neutron 
with the wall 


Toon © (ko), (34) 


i.e., in practice noise and vibrations with frequen- 
cies no higher than several hundred cycles per 
second. These estimates lead to requirements on 
mechanical vibrations which are easily fulfilled. 
The admissible modulation depth for the magnetic 
field at standard frequencies is found to be of the 
order of 107‘, which is completely achievable 
technically if we consider the filtering action of 
the magnetic system itself. In fact, the depth of 
modulation of the field is R/LQ times less than 
the depth of modulation of the voltage. Even for a 
time constant L/R of the order of 0.3 sec anda 
modulation depth for the voltage of 3 x 10°, which 
is usual for rectifying equipment, the depth of 
modulation of a field of frequency 50 cps will be 
of the order of 3 x 107°. 

Field fluctuations with higher frequencies 
oF oe will also give some contribution to the 
heating of the neutrons, but they are easily filtered 
out by the conducting walls of the vacuum chamber 
and can in practice be completely eliminated. 

These estimates show that the losses of cold 
neutrons due to heating upon reflection from the 
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walls can be made sufficiently small. An elemen- 
tary computation shows that losses of neutrons be= 
cause of heating and absorption in collisions with 
residual gas is small compared with the natural 
decay even for pressures of the order of 

10> mm Hg. Thus apparently there is nothing to 
prevent a direct determination of the neutron life- 
time by using magnetic bottles, except for the rel- 
atively small density 104 — 10° m~? and the diffi- 
culties associated with background in the neighbor- 
hood of the reactor. 
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The asymptotic absorption of ultrasound by open Fermi surface metals located in a strong 
magnetic field is investigated. It is shown that the deformation absorption coefficient be- 
comes saturated irrespective of the presence of open trajectories. A pronounced anisotropy 
of the saturation exists, depending on the position of the sound wave vector relative to the 
magnetic field and the direction of the open trajectory. Peculiarities of inductive absorption 
of ultrasound are studied in the case of open Fermi surfaces. The asymptotic value of the 
conductivity tensor in a magnetic field is computed by taking into account space dispersion. 


1. INTRODUCTION 2. GENERAL FORMULAS FOR THE ABSORPTION 
I COEFFICIENTS 
N a previous paper, ! and also in the papers of V. 


Gurevich,?” a theory of the magnetic absorption of WON WHO SO.K CLS Sone sho ES EME CIN) WIS) ake 


ultrasound in metals at low temperatures has been foun 

constructed. In the works of Galkin and Gurevich,’ a=hsyt | dtpv |x?|6(e—p), (2.1) 
the effect of the non-monotonic dependence of the 

absorption coefficient @ on the magnetic field is where 

investigated in the region of fields in which A <r t _ty 

< 1 (27x is the length and k is the wave vector of C= \ dt, (A—eH’v)exp \o—ayae'], (2.2) 
the sound wave, r and 7 are the characteristic FC3 t 


dimensions of the orbit and the length of the mean Ave oe ae. 
free path of the electron, respectively). The ab- , 
sorption has been studied!” in strong fields, where eE’ —cE +c [uxH] —y<6e); V= = pw a a(2e 3) 
r <x. However, only closed energy surfaces have 
been considered as a basis. At the same time, it 
is well known that for most metals the presence of 
open Fermi surfaces passing through the entire 
reciprocal lattice is characteristic. Therefore, 
consideration of the peculiarities of ultrasonic ab- 
sorption in metals with open Fermi surfaces is of 
interest, the more so that it has been generally 
impossible to interpret a series of experimental % = Oy + Og + a, (2.4) 
data*»® in terms of closed surfaces. 

In the present communication, which is a con- 


(NS = din(P) Uk, 


The rest of the notation here and below is the 
same as in reference 1. It is assumed that the 
collision integral can be replaced by the relaxation 
time t)(p) =v (p). 

After integration by parts in Eq. (2.1), it is not 
difficult to show that the absorption is determined 
by the sum of three components: 


a, is the coefficient of deformation absorption: 


tinuation of a previous research, ! results are oy, = hw Re\ dro (2 —p) A* (p) 

given of a calculation of the asymptotic ultrasonic . 

peor ror ina Btrong magnetic field for metals . \ HERE Nex \ Hee ikv) |: (2.5) 
with open Fermi surfaces. Mainly a surface of 2 . P 


the type ‘‘spatial grid’”® is considered, on which 
there are open trajectories of a different kind, 
together with closed and extremely eloneatel tra- dg = (WY Reo EES: (2.6) 
jectories. In this regard, the ‘‘spatial grid’’ is 

very rich in different types of electron trajectories. aj is the interference term: 


Qg is the coefficient of inductive absorption: 
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aj = (2W)? Re (ja (—H) — ja (H)) E”. (2.7) 


re Ss 1 
The quantities oj, = Y, (ik + oki) are the 
components of the symmetric part of the electrical 
conductivity tensor with account of spatial disper- 
sion and magnetic field dependence: 


sin (Kk, H) = 20h" | depd (© — pn) ox(P) 


‘< dt,Up exp i (v— ikv) dt" | : (2.8) 
Oo) t 
in (k, H) = om (—k, H) = op; (k, —H). (2.9) 
The deformation current is equal to 
yes 1a) 2eh* | drys (e —n)v 
x dt, A (t,) exp i (v— ikv) at’ | ; (2.10) 
—oo t 
ja (k, H) = —ja(—k, H). (2.11) 


It follows from the symmetry properties (2.9) 
and (2.11) that the oj, are real and even quantities, 
while the components of the deformation current 
jq are odd functions of the wave vector k. 

Thus our problem is the calculation of the de- 
formation absorption aa, the tensor oj, (k, H), 
the deformation current j, and the electric field 
E. To determine the latter, it is necessary to 
solve the Maxwell equation: 

c2 
4nio 


(hike — 0x) Ex =GnEn—ini (2.12) 


This same equation, written in terms of E},, has 
the form 


eh ey — By) Ej 
Ok TR (Rik, ik)t Er 
= jar t zoo (Pbin— hiker) Gn =i, (2.13) 
where 
G = c2[uxH]. 


The solution of the latter equation can be written 
down with the aid of the effective electric resist- 
ance tensor pj: 


c2 


Tay (RPS rik) } (2.14) 


E; = Pirin, Pin = {oun 
These general formulas are employed below 
for the investigation of absorption in strong fields 
when the quantities y) = vT) and qo = kvpTy are 
small (vy) and Ty are the characteristic velocity 
and period of motion of the electron in the magnetic 
field) and when one can expand oj; and jq in 
series of these small parameters. 
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3. ASYMPTOTIC BEHAVIOR OF THE DEFORMA- 
TION ABSORPTION IN STRONG FIELDS 


It is simplest to investigate the asymptotic be- 
havior of the deformation absorption a, in strong 
fields. We have 
at, = AW eHc™ Re \ dp.T (p2)\AP (wv — ikv) 

(3.1) 
= nsw | dtp6 (ce —p)|A |v iv? + (kvpy. 


It is seen from this equation that if A does not 
vanish identically, then the deformation absorption 
does not depend on the magnetic field. Equation 
(3.1) coincides in form with the absorption in the 
absence of a magnetic field,’ in which, however, 
all quantities are replaced by their average values 
over the trajectory €(p) =U, pz =const. If the 
trajectory is periodic, then the bar denotes simply 
the average over a period. In the case of a non- 
periodic open trajectory, it is necessary to inter- 
pret the mean as 

T 


j =lim i) fdt. 


Toco 


Physically, this circumstance is quite obvious 
if we consider that the rapid rotation of an elec- 
tron with small radius leads to the averaging of 
all its characteristics over this rotational motion. 

The frequency and temperature dependence of 
a, depend essentially on the mutual orientation of 
the vectors k and H and the topology of the Fermi 
surface €(p) =p. 

Let us consider different possible cases. 

a) k:v=0. This case is realized on closed 
trajectories for perpendicular vectors k and H, 
and on open trajectories if k is parallel to the 
mean direction of the open trajectory. 

Actually, for k 1 H(kIl Ox, H Il Oz), we have 
k+ Vx = (ke/eH)dpy/dt = 0, if py(t) changes 
within finite limits. On closed trajectories, the 
motion of the electron in the xy plane is always 
finite. On open trajectories, the motion of the 
electron in momentum space is finite only along 
the Py axis, that is, when the wave vector is par- 
allel to the Ox direction of the open trajectory. 
The absorption in this case is proportional to the 
square of the frequency and depends on the re- 
laxation time (temperature): 


ot, = AW \ drp6(e — pw) |Af?v-t ~ Nyw?/ps?v. (3.2) 


b) The value of k*v differs from zero but can 
vanish at certain pz. Then D/[v? + (k-¥)?] 
= 76 (k-v), by definition of the 6 function, and the 
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absorption increases linearly with frequency but 
does not depend on the relaxation time: 


tn = wh \ dtp | A 8 (kv) 8(e@ —p) ~ Np /psv. (3.3) 


The identical situation takes place for perpen- 
dicular k and H both on closed and on open tra- 
jectories. 

c) Finally, the value of k-V never vanishes. 
This is possible only on open trajectories, when 
the wave vector k has a non-vanishing projection 
ky in the direction perpendicular to the magnetic 
field and to the mean direction of the open trajec- 
tory Ox. 

The absorption a, in this case does not depend 
on the frequency: 


ay = WW -*\ dep |A\°5 (kv) (© — pw) ~ Npi/po?. (3.4) 


4. ASYMPTOTIC VALUE OF THE ELECTRICAL 
CONDUCTIVITY TENSOR AND OF THE DEFOR- 
MATION CURRENT 


The dependence of the components of the tensor 
Ojk and the current density jik on the magnetic 
field and the frequency, as also the asymptotic 
value of the deformation absorption, are essen- 
tially connected with the presence of open sur- 
faces and orientations of the sound wave vector 
relative to the mean direction of the open trajec- 
tories. The latter as a rule exist along with closed 
trajectories, and therefore the total contribution to 
the absorption of these and the others depends on 
their relative ‘‘weight.’’ The results given below 
are valid under the assumption that the ‘‘weights’’ 
of open and closed trajectories are identical. 

a) The vector k is parallel to Ox (more pre- 
cisely, 3} <« x/1, ¥% is the angle between k and the 
Ox axis). In this case, 


ALS TA xy TA x2 YoYo 
On = (as Ayy “ye ) le = [: ! ) 
YA Ay ae, qo 
where Ajk = ik + @ik; the tensor aj, determines 
the contribution from closed, @jk from open 
orbits. Inasmuch as the ‘‘weights’’ of both types 
of trajectories are identical, then aj, ~ @ik ~ 9, 
where g is the static electrical conductivity of the 
metal. Aj ~ wwku is the characteristic value of the 
deformation potential. 

b) For rotation of the wave vector in the plane 
perpendicular to H by an angle larger than x/1, 
the asymptotic values of ojk and ja, are essen- 
tially different: 


749 
q fa xx Yolry YoA x2 qo 
Sr |G 2025 a0) : GAg!| + got 
ik Oy Yolo %yy Yolo %yz |, by deers 1049 
YoA,. 101 zy a, ‘ Yoo 
(4.2) 


We do not write down the precise expressions 
for the components of j,, since they are expressed 
by integrals of the deformation potential A which 
in turn is known only in order of magnitude. 

c) The vector k is deflected in the xz plane, 
where kzl > 1 (ky = 0). In this case, 


YA, 
on = TA yx 


io95 1e8 


YA xy Vegas. é Yo 
To yy Vas waite aa [ 
Too zy YA 1049” 
(4.3) 
In all the formulas terms of higher degrees in 
the inverse field are kept. In particular, it is as- 
sumed that q? « 7. 
d) Finally, for kyl > 1, kgl > 1, 


22 


oe laa Ryke YA ys 
Gi, == Yo s 100 Aoy %0I0 yz ) 
- 2,—2 27—2 
Ryks NoAiy YoI0 Oy Too Ae 


(4.4) 


It is obvious from the results that have been 
given that the asymptotic value of the current den- 
sity jj = OjKEk — jpj is anisotropic and changes 
rapidly upon approach of the vector k to the direc- 
tion of the open trajectory. 

With the asymptotic expressions (4.1) — (4.4), it 
is not difficult to compute the tensor pi, whose 
components determine the electric field E’. How- 
ever, the corresponding general formulas are ex- 
tremely complicated and therefore we shall not 
write them out. In the next section the final re- 
sults are given for the computation of the total ab- 
sorption coefficient in the different limiting cases. 


5. THE ANISOTROPY OF THE ABSORPTION IN A 
STRONG FIELD 


a) The wave vector is parallel to the direction 
of the open trajectory. In the case in which 6 
< (rx)!? (6 =I (4twa)7!/?) is the characteristic 
thickness of the skin layer in the absence of a 
magnetic field), the deformation absorption plays 
the principal role and one can neglect the inductive 
and interference components in (2.4): 


=O ae row | drys (e —p)v"| A |? ~ Npo? / ps*v. (5.1) 


Integration in this formula is carried out over 
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the entire surface €(p) =, on which there are 
both closed and open trajectories. The absorption 
a, ina strong field is generally 1/X times the sae 
sorption in the absence of the field a), equal to! 


oy = th ?W \ dtp (e —p)|A|?6(kv) ~ Nuw/psv. (5.2) 
Upon subsequent increase of the magnetic field, 

where (rx)!/* < 6, the inductive absorption a, be- 

gins to play a principal role, and the deformation 


and interference terms can be neglected. We ob- 
tain: 


i eT: (=) Pow | Gy? ~ 


Ox.) / Det Sik» 


Np? 
ps’v 


(=) ~ wHvu2, (5.3) 


Pyy = (Gxx522— 


Ux is the projection of the sound polarization vec- 
tor on the direction of the open trajectory. If u 

1 Ox, then the absorption is determined by Eq. 
(5.1) in the entire region of strong fields. 

The inductive absorption @g, as Gurevich has 
shown,’ is connected with the Joule losses from 
the electric field G which arises in the cutting of 
the magnetic lines of force by the conductor mov- 
ing with velocity u. 

b) The vector k is perpendicular to H, kyl 
> 1. In this case, deformation absorption takes 
place for 6< r: 


a ~ N wo? / psy ~ ay (1 /X). (5.4) 


The exact formula is too cumbersome to write 
out. We only note that although the order estimate 
(5.4) for the absorption is the same as for k II Ox 
[see (5.1) ], a small change in the angle between k 
and the direction of the open trajectory in the in- 
terval 3 ~ x/I leads to a sharp change of a bya 
quantity of the order of magnitude of a itself. 

This change should be observed both for rotation 

of k relative to H and also for rotation of the mag- 
netic field in the plane H 1 k, and can have any 

sign depending on the relative contribution of the 
open and closed trajectories. 

Upon further increase of the magnetic field in 
the region where r <6, the estimate (5.4) remains 
in force, but the absorption can increase by a quan- 
tity of the same order as a. 

c) The vector k lies in the plane xz (ky = 0, 
kxl > 1). Deformation absorption takes place for 
6<r(x/l)?: 


a~ Nu / psu ~ a. (5.5) 


It is seen from a comparison of Eqs. (5.5) and 
(5.1) that the deflection of the vector k in the xz 
plane by a small angle J ~ X/1 leads to a sharp 
decrease in the deformation of the absorption in a 
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strong field (by a factor of kl). Upon further in- 
crease of the magnetic field, in the region where 
r(x/l)'/2 <6 < x(x/r)'”, the absorption increases 
by a quantity of the order of a, since the induc- 
tive field begins to play a role. In still greater 
fields, when r « 6°1/x, while 6° « X°, the induc- 
tive absorption dominates: 


4 (kc? \2 |Gy I? 621 2 
LAY, (ao) 3) nro (=) ~ w Hur. (5.6) 
If r « 6°1/x’, 671 > *°, then 
& = Syy|Gy|?/2W ~ %Go ~© ee uae (5.7) 


d) The direction of the vector k is arbitrary, 
kyl > 1, kzl > 1. We shall not write down the gen- 
eral formula because of its unwieldy character, 
but will limit ourselves to qualitative discussion 
of the results. The order estimate (5.5) in the re- 
gion where the deformation absorption plays the 
principal role is valid; however, the analytic ex- 
pression for @ has another form than in case c). 
In other words, for a small deviation of the vector 
k from the plane xz, a sharp change takes place in 
the absorption, of order of magnitude Q. 

In the region of inductive absorption, 


a ag 


a = (SzyPxx / 2W)| Gy |’ ~ Too ~ Hw Ux. (5.8) 


For arbitrary orientation of the vector k an 
unusual ‘‘resonance’’ effect ought to take place on 
the boundary between the regions of inductive and 
deformation absorptions. The maximum absorp- 
tion is realized for | kkzc*/4Twoxy | = 1, and at the 
maximum, @max ~ @jkl > Q@). However, we note 
that this maximum is broad and smeared out, and 
that for ‘‘good’’ metals (ao ~ 107° sec!) it should 
be observed at a frequency w/27 ~ 108 — 10° eps, 
in very large fields of the order of several hundred 
kilooersteds. Generally inductive absorption takes 
place only in very strong magnetic fields. However, 
it is possible that in bismuth, where the conductiv- 
ity is several orders smaller than in the case of 
other metals, this phenomenon can be observed, 
the more so that in the case of closed surfaces for 
N; ~ No, the ‘“‘resonance’’ maximum is already 
sharper than in the presence of open trajectories. 
At the maximum Qmax ~ Gaines and far from it in 
both directions of deformation and inductive ab- 
sorptions, @ ~ Q) «K @max-* 

Thus the calculations of the asymptotic value of 
the ultrasonic absorption in a strong magnetic 
field shows that the absorption coefficient reaches 


*Evidently in the arrangement of similar experiments on Bi, 
it is necessary to take special precautions for violation of the 
equality N, = N, (for example, by introducing impurities). 
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saturation, the value of which depends essentially 
on the topology of the Fermi surface and the mu- 
tual orientation of the wave vector of the sound and 
the magnetic field. Experimental study of the ani- 
sotropy of the saturation makes it possible to draw 
certain conclusions on the presence of open trajec- 
tories, although it does not permit one to determine 
their direction uniquely. Upon further increase of 
the magnetic field, the inductive absorption begins 
to play a role. This absorption increases quad- 
ratically with the field. However, observation of 
inductive absorption at low temperatures is made 
difficult by the large value of the magnetic field. 

A separate paper will be devoted to the compar- 
ison of the results of the theory developed here 
with experimental data. 
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The transformation of two particles into three or four particles at high energies is treated in 
the pole approximation. In the energy region, in which the total elastic scattering cross sec- 
tion is independent of the energy, the cross section for the transformation of two particles 
into three does not decrease with increasing energy. The cross section for the transforma- 
tion of two particles into four increases logarithmically with the energy. This result seems 
to indicate that at very high energies the elastic scattering cross section tends to zero. 


iP The presently available data on the collisions of 
high energy particles make it plausible to suppose 
that the total effective cross section tends with in- 
creasing energy to a constant limit. This limit is 
of the order of 1/u”, where 1/y is the pion Comp- 
ton wave length. Simultaneously with the total 
cross section also the diffraction elastic scatter- 
ing cross section tends to a constant limit. It is 
then natural to assume in regard to the cross sec- 
tions of individual inelastic processes (the forma- 
tion of showers with a given number of particles ), 
that each of these tends to zero with increasing 
energy. This is because the possible number of 
produced particles increases without bound with 
increasing energy and therefore the constant total 
cross section must be distributed among an ever 
increasing number of competing processes. 

This simple picture may, however, be unwar- 
ranted. We shall give approximate calculations of 
effective cross sections of inelastic processes. 
These calculations result in a substantially differ- 
ent asymptotic behavior of the cross sections. The 
approximations made are not justified rigorously 
and therefore we do not claim that the results are 
fully convincing. These results however do indi- 
cate that the situation at high energies may be 
substantially more complex than expected. 

2. Let us consider the transformation of two 
particles into three: py + qi— po + Qo + ky, for 
example pion production in meson-nucleon or nu- 
cleon-nucleon collisions. The amplitude A for 
this process can be written as follows: 


ae A , 2 
A= gu(ps) 154 (Pi) 7a +A, t=(P1—ps). (1) 
Here the first term represents the pole term 
corresponding to the diagram of Fig. 1, A’ repre- 
sents the remainder of the amplitude, g is the 


pion-nucleon coupling constant, and A, is the 


FIG, 1 


amplitude for scattering of pions by the particle 
q; (pion or nucleon). 

We calculate the cross section for the process 
under study for small momentum transfers (of 
the order of uw), keeping the pole term only.! It 
seems natural to believe that, since A’ is deter- 
mined by singularities for t > 4, the discarded 
terms cannot fully compensate the contribution to 
the cross section from the pole term. Therefore 
the contribution from the pole term should give the 
correct order of magnitude for the cross section 
for small t. A more rigorous approach to the 
problem might consist of an investigation of the 
transition amplitude for large values of the or- 
bital angular momentum 1 > p/u (where p is the 
momentum of the incident particles in the bary- 
centric frame). It seems plausible that for such 
cases the interaction would be dominated by the 
one meson exchange term (which corresponds to 
the pole term). In other words the partial cross 
sections for large values of 1 will be determined 
by only the pole diagram here considered.” 

Let us emphasize that the partial cross sections 
so obtained are expressed in terms of real elastic 
scattering cross sections, determined by the am- 
plitude Aj, and represent intrinsically positive 
quantities. If the partial cross sections are summed 
over 1 from p/u to ~, then the part of the cross 
section obtained in this manner will coincide in 
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order of magnitude with the cross section calcula- 
ted by keeping only the pole term in the amplitude 
and integrating it over t between limits up to p’. 

Let us remark that this approach does not coin- 
cide literally with the Chew and Low ‘“polology,’?! 
which results in a negative cross section and is 
connected with an extrapolation of the cross sec- 
tion into the unphysical region t = uv”. In contrast, 
we remain within the limits of the physical region 
t< 0. Since, however, we depart from the mass 
Shell of the virtual meson by a quantity <2y?, and 
the mass singularities of the meson Green’s func- 
tion lie at values in excess of 9u”, there is reason 
to believe that the ignored terms will not affect the 
order of magnitude of the effect. 

By keeping only the first term in Eq. (1) we ob- 
tain the following expression for the differential 
effective cross section: 


pene a 2(m® + p”) Si + (m? — p22}? 
se 3 pe s? — 2 (M* + m?) s +- (M2 — m?)2 5, (8;) ds, 
(2) 
oe (Pi a qi)”, Sy ar (qe aE Re), t a (Pi 5 Po), 


PP = (g* / 4st) (wu / 2M)? = 0.08, 


where M is the nucleon mass, yp is the pion mass, 
and o; is the elastic scattering eyes section of 
the meson by the particle q, (qi =m’). 

For high energies of the colliding particles 
(s >> M*?) a small momentum transfer | t| <a The 
is possible provided that s; is within the limits 


M? < 3,< sp/M. (3) 


Indeed, t can be expressed in terms of s, s; and 
the angle # between p; and p,» in the barycentric 
frame as 


t=m+s,—2 Ee s ; (Sy M?) 4 ; s1(s,— M?)2 ig 
x [2 Sear > (m? = M?) = - si (m? = ae) r 
+ 2 cos at ; s— + (s, +?) + +57 (s, — M) it 


ale Et) 4s (MA mt)” 


For s M? the requirement that t be small 
(|t| < p2) can be satisfied only if s;«s. If at 
the same time s; > M? then the expression (4) be- 
comes 


t = — M’si [3° — s9? / 4, (5) 


from which Eq. (3) follows. 

Formula (3) determines the region within which 
our pole approximation can be considered to be 
justified. For s;>> M? the differential cross sec- 
tion (2) may be written as 
We 2M2 
uc ye 


ds = lee (6) 
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Assuming 0; to be constant and integrating be- 
tween the limits determined by the inequality (3) 
we obtain for the cross section of the process 
under study 


Oy. (7) 


Formula (7) is valid for the emission of a 7° 
meson, as well as for the emission of a 7 meson. 

Chew and Low! obtained an analogous result but 
with a coefficient larger in comparison with Eq. (5) 
by a factor of M2/u? (see also Bonsignori and 
Selleri®). This is due to the fact that they inte- 
grated over s; up to values of order s, which 
corresponds to limits on the momentum transfer 
|t| of about M*. It seems to us that such an en- 
largement of the region requires additional justifi- 
cations, since the discarded (non-pole) terms in 
the amplitude may turn out to play an important 
role. 

We see that the cross section for the inelastic 
process of shower formation amounts to about 1 
mb, does not decrease with energy, and represents 
a sizable fraction of the elastic scattering cross 
section. 

3. Let us discuss now the energy spectrum and 
the angular distribution of the produced pion. To 
this end we assume that the process n+ n—n 
+ n+ 7 has been reduced to elastic pion-nucleon 
scattering. At high energies of the 7+ n system 
the elastic scattering process is characterized by 
the dominant role played by small angle scattering 
events, to which correspond momentum transfers 
t’ = (q; — q2) of the order of p? or less: 


lf’) =|(%1 — 2)? | Sp. 

On the other hand, in the integration of Eq. (2) 
over s,; large values of sy dominate. Let us 
clarify what are the consequences of the conditions 

1(41 — 92)" |S we’, $1 = (2 + Re)? > m’. (8) 


In the laboratory coordinate system, where p; 
= 0, we have 


t’ = 2m? — 24192 = 2m” — 2 (EE: — 4142) 
wim —2|EE,— V Bom) Ba 42 BE on| 
~~ — m? (E, — E,)" | EE, — 91,E Es. (9) 


In the derivation of this relation the angle 1) be- 
tween q; and q, was assumed to be small since 
otherwise the condition that t’ be small would be 
violated. 

It follows from Eqs. (8) and (9) that 


Gif Esp, m? (E, — E,)"/ ExEaxSw'. (10) 
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As a consequence of the smallness of the recoil 
nucleon energy (|t| ~ u*) the difference E; — E, 
is practically equal to the energy Ww, of the pro- 
duced pion. Therefore the second part of Eq. (10) 
can be replaced by 


mo; / Ey (Ey — @2) <p. (11) 


This means, in effect, that w. is limited from 
above as follows: 


(Oyo WEG mM 


[this result can also be seen from Eq. (3) J. 
Let us consider now the second of the conditions 
(8): 
Sy = m? + pw? + 2qnke = m? + pw? + 2 (Ew, — qek,) > m’. 
(12) 
From the inequality |t| =|(p; — p.)?| <p? it fol- 
lows that in the laboratory system | p,| <u [since 
(Pio — Peo > < (w?/2M)* «<p?]. This is the momen- 
tum of the intermediate meson. Thus, the trans- 
verse momentum of the ‘‘incident’’ intermediate 
meson is of the order of or less than p. As a re- 
sult of the characteristics of elastic scattering the 
transverse momentum of the ‘‘scattered’’, i.e. 
produced, pion k, must be of the same order of 
magnitude. Consequently the meson k, must be 
emitted practically in the direction of q,, if its 
energy is high compared to yp. Taking this into 
account we obtain 


ss tm? + 2 Exo, 


—)V Fm) oi — py? (1—26,,)| 


2 2 2 
sem + pL, / @, + E,@94,9,- 


Here 9k,q. is the angle between k, and q). Intro- 
ducing the angles @g,k, and 9q Ko by 


W142 = | 41 || Go| (1—= J» 

koqi = |Ke|| qu] (1-90) » 
we see that as a consequence of the first inequality 
(10) we have 9q,q, <"/ VEE, ~ u/Ey, whereas 
Pkoqy |k,|, being the transverse momentum of the 
produced meson, satisfies the condition | k, | Okay 
S, [fic 

The angle 9k.q,. is determined in the usual 

manner: 


Dievgs = Di09, + Bo. ‘ 
We now rewrite Eq. (12) as follows: 


Sy =m" + WE, / @2 + Eyo. (8i:.q-+ 054s + 2649, 94.:1, (12a) 
Db, SV / Ms, oa SP/ Ey, 2 << BE, /m. 


The only way in which s; can be made large is to 
have 
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We < Ete 


because the terms involving the angles contribute 
at most E1o29kng, <, p2E,/w», which is of the same 
order of magnitude as the term w2E,; /w2. Conse- 
quently, s; ~ p°E,/w,. From here and from Eq. (4) 
it follows that the energy distribution of the pro- 
duced pions is given in the region o(s;) = const 
by: 


As,ds, = Bday | 3. (13) 


In summary, we arrive at the following char- 
acteristics of the part of the process n+ n—~n 
+ n+ 7 under discussion: 

1. The transverse momenta of all particles at 
the end of the process are of order of wy. 

2. The energy of the produced pion is low in 
comparison with the energy of the incident parti- 
cle. The energy distribution is given by Eq. (13). 

It is obvious that all these properties are inde- 
pendent of the nature of the incident particle, i.e. 
they are equally true for the processes 


t+n—ontnupn, K+n—>K+a2-+-A, 


Ytn—-Yoin-ta. 
In principle, a possible experimental method for 
the studying of the above discussed processes 
would be to separate those events, in which the 
angular and energy distributions of the produced 
particles correspond to those obtained in elastic 
scattering of the incident particle by a particle 
with a mass of the order of the pion mass. 


J 9) Gp 
ky, i 
ee ae | 9} 
ae | | 
| | 
| 
as a 
2 
2 Fy 
FIG, 2 FIG. 3 


4. We discuss next the two particles into four 
particles transition process: py + qy— po + ky 
+ qo + kp. Under the same assumptions, that were 
stated above in the discussion of the two particles 
into three particles transition, we may separate 
out a definite part of the cross section, determined 
by the pole term in the amplitude. There will be 
two types of such ‘“‘pole’’ processes. First, the 
“‘single-stream”’ process depicted in the diagram 
of Fig. 2. Here the upper vertex is determined by 
the amplitude of the inelastic process correspond- 
ing to the two particles into three particles transi- 
tion. And, second, the ‘‘double-stream’’ process 
depicted in the diagram of Fig. 3. 
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The amplitude for the double-stream process 
becomes in the pole approximation: 


AS AAG), (14) 


where A; and A, are the amplitudes of the corre- 
sponding elastic scattering processes. For t 
Se ee ee ee eee 


ds = 


1 (2m? + pw?) sy + (mm? — 2)? ]'2 [52 — 2 (M2 + p) se + (M2 — p22 Y 
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= (pi — pp — ky)’ small (|t| <u?) we may, as 
before, assume that the cross section is deter- 
mined by the amplitude (14). In this manner we 
obtain the following expression for the differential 
cross section: 


1608 s* — 2 (M2 + m2) s + (M? — p?)? 


where s; = (q)+ k,)* and So = (p) + k,)*. As be- 
fore we are justified in extending the integration 
over t in the region Eales me At that the values 
of s; and s) must be restricted by 


SiS < ps. (16) 


Equation (16) is easily derivable, just like Eq. (3). 
One need only in calculating t replace py by py» 

+ kj, i.e. replace in Eq. (4) s; + M? by s; 

+ S_(S,>> M’, s)> M’). Equation (15) becomes 


4 4 $1S9dsyds_ 
en TS 


6 = ~Feas “yx 91 (Si) 62 (Sa) ea, 


Let us discuss the energy and angular distri- 
butions of the produced particles. We shall char- 
acterize the process by the following invariants: 


ty = (91 — 42); Si = (kp + qo); ts = (Pi — Po)”, 
Sp = (Ry + Pre)”; t= (qi — q2 — k,)?. 


As a consequence of the properties of the matrix 
elements of A; and A, we have 


io|Se, | f2|<Sp?. 


The condition | t, | = uw? gives (in the coordinate 
system in which p; = 0) 


| te| = 2p.p2—2m* = 2m V m* + pi— im) = pi<p, 


|P2|<p- (18) 


For t, we obtain an expression analogous to 
Eq. (9): 


|, | =m? (E, — Bs)" / EE, + ExE SaaS E1E se. <P: 


(@1 + @2)? m? 


Sh ee I ee a 
E, (E1 — @1 — @2) ae 


m= 


(19) 


It is seen that E, is close to E, and therefore 
Eq. (18) gives the following estimate for qo, (Qo, 
is perpendicular to q;) 


Jas =~ E\Yag.S- (20) 


The pole approximation imposes on t the restric- 
tion: st pire Introducing the vector R =k) + qp, 
R2 = sj, we obtain 


+ 0, <+ Ey. 


51 (Si) 42 (Ss) dsyds, Jat /(¢ — py (15) 


t= (qi— R)?= m?+ s;— 2q,R = m? + s,— 2E,R, 
+ 2q,.R=m*+ s:—2E:Ro+ 2V E2— mV Ri— Ri — sy 
=i +s) 9F 2) Pa VV Es, 
+24, (Ei — Ro) + V Ei — mV Ris, — Ri, 
—~VRi—s,]+ VeEi— mV Ri—s —V Ei—s, |} 
poe) ae) ea 
— 2(® (E,, E,;) —®(E,, Ro)), 

B= |) Bsmt ViRs— s/he sg | 


® (Ej, Ro) = VE a m VR = Si EYRo: 
Let us determine the derivative of ® with re- 
spect to Ry: 


o® a Ro V 2 DB 
ORo = V Rs, BT es 
| Sl, 


V 1—n/ Et 

| Vaasa rR 
since s;>m,and Ry < E;. Thus ®(E;, E,) is 
larger than ®(E,, R,) for Ry < Ey. Consequently 
all three terms entering into Eq. (21) have the 
same sign. Hence from the condition |t| < yu? we 
obtain a restriction on A? and, consequently, on 
Rie 


(21) 


ae 


Bost, Rise, ke, + Goi |<Sp- (22) 
Together with Eq. (19) this yields 
ko) Gi 9 eq, Ss p. (23) 


Thus the virtual meson k, has a transverse mo- 
mentum of the order of p. And from here it, 
finally, follows (on the basis of Eqs. (18) and (22) ) 
that the transverse momentum of the meson k;, is 
also of order of p: 


Ryy — 019 4,44 aS p. (24) 


Equations (20), (23), and (24) give the effective 
angular region within which most of the produced 
particles are emitted. The transverse momentum 
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of each particle is of the order of ». All particles 
(except for the recoil nucleon pz) are emitted at 
a small angle with respect to the direction of the 
incident particle. The energy distribution of the 
produced mesons k, and ko, integrated over their 
angles, is determined by the distribution in s, and 
s) (for constant o; and 0, ): 


S1S_ dS, dso. (25) 


The relation between sy and the frequency Ww, is 
as follows: 


Sp = (Pz + ky)? = M? + p? + 22.0; — Paki. 


On the basis of Eq. (18) we find | p,| <u «K€, *m 
and therefore s, takes on the simple form: 82 
= 2mw, (when sp > mi? ); 

In analogy with Eq. (12a) s; = (ky + qy )? can be 
expressed as follows: 


Sy ~ WE, | @, = ps / 2MWg. 


The condition sjS» < us gives W, < We. Using 
Eq. (25) we get for the energy distribution of the 
produced mesons: 


@do,-@z "dao; uy << @) < Wo, uo 5G Ws Ze we, / tr 


[the last condition is a consequence of Eq. (16) ]. 

In evaluating Eq. (17) we did not take into ac- 
count the contribution of the crossed diagram ob- 
tained from Fig. 3 by interchanging the meson 
lines k,; and ky. The results obtained above indi- 
cate that we may neglect the interference terms 
arising from the pole terms in the diagram of 
Fig. 3 and its crossed diagram. Indeed, the quan- 
tities s; and so, entering into the amplitude A 
corresponding to the diagram of Fig. 3, are of the 
order of p?E;/w;, and 2mw,. The corresponding 
quantities s{ and sj entering into the amplitude 
A(c) corresponding to the crossed diagram are 
equal to p2E;/w, and 2mw,. At high energies, 
each of the elastic scattering amplitudes appear- 
ing in A and A(C) is proportional to its s param- 
eter [the elastic pion-nucleon scattering amplitude 
in the most important diffraction region is, for 
o = const, of the form s;,f(t,) and sof (tz) respec- 
tively ]. Therefore A is proportional to s,s, 
~ w/w, whereas A(C) is proportional to s{jsJ 
~ w/w. Since w; # We, the neglect of the inter- 
ference terms cannot affect the order of magnitude 
of the cross section. 

Let us integrate Eq. (17) over the region (16) 
treating o, and o) as constant. When the crossed 
diagram and the isotopic states of the produced 
mesons are taken into account this yields for the 
cross section 
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SH igs in (26) 


aes Me 


Q 


The result, Eq. (26), exhibits the internal incon- 
sistency of the hypothesis of constant total and 
elastic cross sections at high energies. Starting 
from the assumption of constant elastic and total 
cross sections we have arrived at a logarithmic- 
ally increasing cross section for two-pion produc- 
tion. Gribov’ has independently and by a different 
method arrived at the conclusion that there could 
be a contradiction in the assumption of a constant 
elastic scattering cross section. 

5. In an analogous manner we can crudely esti- 
mate production processes of arbitrary multiplicity. 
The amplitudes for such processes contain pole 


FIG. 4 FIG, 5 

diagrams, of the type shown in Fig. 4, with an ar- 
bitrary number of particles at each knot.* To the 
diagram of Fig. 4 corresponds the amplitude 


A= A,A,/(t — p’), 


where A; and A, are the amplitudes for the inelas- 
tic processes resulting from the collision of the 
intermediate meson with the particles q; and pj. 
Summing the cross sections corresponding to var- 
ious inelastic processes we arrive at the expres- 
sion: 


do (Ss) ~ 6 (81) 6 (Sq) $y Sy 8 * ds, dsp, (27) 


where o is the total cross section. Equation (27) 
exhibits the same internal inconsistency as Eq. 
(17). The assumption of a constant cross section 
o leads after its integration to a proportionality 
of the cross section to the logarithm of s. Let us 
note, however, that Eq. (27) is less reliable than 
Eq. (17) because in addition to the diagram of 

Fig. 5 a large number of crossed diagrams should 
have been taken into account, and it is difficult to 
estimate the corresponding interference terms and 
to calculate the value of the coefficient in Eq. (27). 
An investigation of the ‘‘many-stream’’ processes 
of the type pictured in Fig. 5 leads to analogous 


*Such a process, for an energy of 9 Bev, was discussed by 


Dremin and Chernavskif.® 
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contradictions o~ (Ins )N, where N is the number 
of ‘‘streams’’. 

If the assumption of constant cross sections is 
given up, then Eqs. (17) and (27) may be viewed as 
integral equations which must be satisfied by the 
cross sections o0(s). They are satisfied if the 
cross sections fall off with energy, and it turns 
out that a rather slow fall off is sufficient [just 
barely faster than (Ins je ]. The considerations 
of Gribov‘ lead to the same conclusions. Let us 
note here that under these conditions the resultant 
showers are characterized by a specific distribu- 
tion in sj and sy. Namely their main part has one 
of the masses (Vs; or V 82) always small and s- 
independent, and the other mass is of the order of 
s. Such a distribution is substantially different 
from that given by the statistical-thermodynamical 
theory of Fermi and Landau, in which each mass 
is (on the average) proportional to s//*. 

6. It is not quite clear what conclusions may be 
drawn from the above obtained results. It may be 
that they are simply an indication that our approxi- 
mation, consisting of neglecting of all contributions 
other than those arising from pole terms, is unjus- 
tifiable although at this time we see no serious 
basis for such a conclusion. If, however, our ap- 
proximation is reasonable and if it can be assumed 
that nuclear interactions continue also at high ener- 
gies to fall off exponentially at distances in excess 
of 1/u, then it seems to us that the only possible 
conclusion is that the total and elastic cross sec- 
tions for the interaction tend to zero as the energy 
is indefinitely increased. 

The existing experimental data seem to indicate 
that the cross sections are constant in a large in- 
terval of high energies. This, however, is not in 
contradiction with the conclusion on the asymptotic 
fall off of cross sections. The point is that the ex- 
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pression (17) for the cross section contains a 
small numerical coefficient.* Therefore the possi- 
bility cannot be excluded that the effects due to the 
discussed by us processes only begin to be signifi- 
cant at ultra high energies. [As was noted above, 
we were not able to determine the coefficient in 
Kq. (27). ] The authors cannot hide the feelings of 
surprise experienced by them at the thought that 
coefficients consisting purely of numbers can re- 
sult in the appearance of new asymptotic regions. 
In order to understand the physics connected with 
the falling off of the cross sections at high ener- 
gies it would be most desirable to see directly 
(for example, by means of diagrams ) the mech- 
anism responsible for this phenomenon, provided 
of course that it is really there. 

In conclusion we wish to express our gratitude 
to V. N. Gribov, L. D. Landau, V. N. Mel’nikov, 
L. B. Okun’ and I. M. Shmushkevich for interesting 
discussions related to this work. 


*It should be once more emphasized that the smallness of 
this coefficient is due to the restriction of the region of inte- 
gration by |t| < y?. One cannot a priori exclude the possibility 
that the value of the coefficient might be changed by contribu- 
tions from the region |t|> y?. 


1G. F. Chew and F. E. Low, Phys. Rev. 118, 
1640 (1959). 

21. B. Okun’ and I. Ya. Pomeranchuk, JETP 36, 
300 (1959), Soviet Phys. JETP 9, 207 (1959). 

3B. Bonsignori and F. Selleri, Nuovo cimento 
15, 464 (1960). 

4V.N. Gribov, Nucl. Phys. (in press). 

°I. M. Dremin and D. S. Chernavskii, JETP 38, 
229 (1960), Soviet Phys. JETP 11, 167 (1960). 


Translated by A. M. Bincer 
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We consider fluctuations in the energy given to particles of a particular kind in an elementary 
interaction at high energy. The calculations are carried out on the basis of the hydrodynami- 


cal theory of multiple particle production. 


Ne the present time, many experiments on mul- 
tiple particle production are concerned with fluc- 
tuations in various characteristics of the inter- 
action between high energy particles. It is inter- 
esting to consider this question from the point of 
view of Landau’s hydrodynamic theory.! 

There are several reasons why it is difficult to 
obtain the magnitude of the fluctuations predicted 
by this theory. The theory itself is applicable only 
at sufficiently high energies, where the fluctuations 
are small. Experimentally attainable energies are 
just at the lower limit of the theory’s range of 
validity. Moreover, fluctuations in the various 
quantities of interest must be distinguished from 
fluctuations in the temperature T, at which the 
system decays, this temperature being a param- 
eter in the theory. For these reasons, the calcu- 
lations described below should be considered as 
giving estimates only. 

Bearing the above considerations in mind, let 
us examine the fluctuations in the energy given to 
a particular kind of particles as these particles 
are produced in high energy interactions. 

Podgoretskii et al.” have calculated the magni- 
tudes of the fluctuations in the total energy and the 
total number of particles. For simplicity, we as- 
sume that only 7 mesons and nucleons are pro- 
duced in the interaction of particles at high ener- 
gies. At the moment when the element of fluid de- 
cays, its temperature in its rest frame is T},; the 
mesons and nucleons are distributed according to 
the Bose and Fermi equilibrium distributions re- 
spectively. 

The motion of the expanding liquid is isentropic; 
each element of volume is thermally insulated. 
The existence of two kinds of particles in each 
volume element can be taken into account by con- 
sidering two sub-systems in each volume element, 
the sub-systems being able to exchange energy 
with each other. Then for each kind of particle, 


the fluctuations in the number of particles Nj and 
in their energy Ej, can be calculated from the 
usual formulas for an isothermal process:° 


ON, 
Ou; 


(AN)? = Tx 


1\2 "2 ) 
; GEP=Tr \e?s aN, (0) 


In (1), pj is the chemical potential and mj is the 
mass of particles of type i*; the prime denotes 
quantities in the laboratory frame of reference. 

The relation between the energy fluctuations in 
the laboratory frame of reference and the distribu- 
tion function p(€) = dN(¢€)/2m7de in the rest 
frame is given by the following equation (see ref- 
erence 1); 


Gnas mea) a2; 


a ie dapheece 
Ss seh \ ede; \ oa @) 


Mei) e,/ Re 


bo 


where y’ = (1—v”)'/ and v’ is the speed of the 
particle in the laboratory frame of reference. 

We substitute the expression for p(€) into (2) 
and differentiate with respect to uj. We then set 
Hy equal to zero, and carry out the following calcu- 
lations for 7 mesons only. Integration with respect 
to dej and de} leads to the expression 


7B BMP ne For wy (= 1)" (n+ 1) m 
(ABy= T; \av >So exp | — Ser | 
n=0 
K dee sh 7! \ 
x [1 8 es 16(+ (sh 
i IPN if Y! 3 
+ 32(—*] Gee (3) 


The next step is to integrate with respect to 
dv’. It should be noted that each element of the 
system decays at its own time tx, determined by 
the equation T(x, tk) = Tk. Hence we must be 
careful to state what we mean by integrating over 


*The units are such that f=c=k=1, where k is 
Boltzmann’s constant. 
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the whole system, i.e., by the integration over dV’ 
in (2) and (3). (Each dV’ must be taken at its own 
moment of time tk.) 

To do this we make use of the fact that the en- 
tropy of each element is conserved as it decays. 
Hence, in order to sum over all the volume ele- 
ments, each decaying into discrete particles when 
its own time comes, it is convenient to integrate 
over the entropy of these elements, the entropy 
being given by 


(4) 


dv’/dS and dS are taken at the critical time. The 
integration over dS can in its turn be replaced by 
an integration over dy’ (‘‘velocities’’), since the 
integrand in (3) depends on x’ only through y’. 

If the condition T(x, tk) = Tk is satisfied, the 
relation between entropy and momentum can be 
taken to be that obtained from a one-dimensional 
solution of the problem. As shown by Milekhin,* 
this is given to a good approximation by 


dS =~ (5) 


where the index 0 denotes quantities in the center- 
of-mass frame, and Ye = (1 — Ve), ve being 
the velocity in the center-of-mass system. The 
quantity S) = Sox), where Sp is the initial entropy 
density and x) = V)/o. Vy = 27/3m*yg is the 
initial volume of the system and g@ is the cross 
section. Furthermore, 


Gi in2y,, Y= in2y, ne— 102%, = Now Ne, (6) 


where ¥p = (1 — v3)’, vy being the particle vel- 
ocity in the center-of-mass frame. (This notation 
agrees with that of Milekhin‘. ) 

On the other hand, the entropy in a thickness 
dx) is given by dS) © supdx, so that 


dV fds=o/cloS (to =%o)- (7) 


Finally, we have the equations 


a PE — Wig PA 
dV’ dy’ = 2V(To/Tx)2exp Ss 


PAL, 
L =11n(E’/M) = 1 — 


iV V 2AL, 


T ) =e me? (E'/Me?)", In2. (8) 
The derivation of formula (8) uses Landau’s ex- 

pression! for dS) in the non-trivial solution of the 

hydrodynamic problem. Hence, upon substituting 

(8) in (3), the limits of integration should be yj 

and ys, which define the region of validity of the 

non-trivial solution with running waves,’ i.e., 


; es 
a OLN wae ( Col Te): 


In evaluating the integral (3) for energies E’ 


(9) 
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2 10" ev, so that the hydrodynamic theory is 
valid, we can take y’ > 1, so that all terms ex- 
cept the last can be neglected. Similarly, all 
terms in the sum over n except the zeroth one 
can be neglected without introducing an error 
greater than ~10%. Then 


a apy fhm al 
(ape Vein ied V 2aL 


¥ 


Au 


iy 


m (In 27’ — n,)? 
ot eis 2 


exp vay’. (10) 


Upon putting g =1 in (10) we obtain the order 
of magnitude of the lower limit to the size of the 
fluctuations in the energy given to 7 or m+ me- 
sons in high-energy interactions. 

We can estimate qualitatively the contribution 
to the energy fluctuation given by the fastest parti- 
cle not taken into account in formula (10). To do 
this, we put in (3) y’ = y3, which corresponds to a 
traveling wave, and integrate (3) over the volume 
occupied by the traveling wave when the condition 
T(x, t)=T, is satisfied. The result is 


(AE’)? = (32 / 3x) gT7 (T;,/m)? (T TAT ee (11) 


Similarly we can make a very rough estimate of 
the probability that the fastest particle carries 
away a definite fraction of the energy possessed 
by the primary particle. To do this we substitute 
v3 in the differential equation obtained by Podgor- 
etskii et al.? for the distribution in energy of the 
particles in a given volume element in the labora- 
tory frame. Carrying out the appropriate integra- 


tions, we obtain 
a | (= a n oa) : 


(12) 


(n+ 1) OE’ 
Wp Ko 1m a exp | ay m 


n=0 
DS 


a=) 


‘ede 


n+414 Ke [(n - 


I) a), 


where @ = T;,/m, and Ky, is the modified second- 
order Bessel function.® 

From an analysis of interactions in certain 
materials, Grigorov, Murzin, and Rapoport* have 
found how much of the primary particle energy 
was carried away by 7 mesons and how much 
was carried away by one charged particle. Ac- 
cording to preliminary data privately communicated 
to the author by V. S. Murzin, for cosmic rays hav- 
ing energy ~ 10" i and interacting with iron nu- 
clei, (AE’)?/(E’)” = 0.03 for 7 mesons. Values 
of (AE’)2/(E’)?2 calculated from (10) for about the 
same energy are of about the same magnitude [ (10) 
and (11) contribute about equally for E’ ~ 10” ev 
and together amount to ~ 0.05]. 
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Similarly, there is fairly close agreement be- 
tween the experimental curve for the distribution 
in energy of the fastest charged particles and for- 
mula (12). However, as mentioned above, such an 
agreement probably has no quantitative significance. 

In conclusion, comparison with experiment shows 
that the fluctuations in the energy given to 7 me- 
sons in interactions at high energy can be qualita- 
tively described by the hydrodynamic theory of 
multiple particle production. 

The author would like to thank I. L. Rozental’, 
G. A. Milekhin, and V. S. Murzin for useful dis- 
cussions. 
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An effective method for obtaining the distributions and correlations in arbitrary models of 
multiple production has been developed. The formulas for the covariant model are especially 
simple. It is shown how a study of this model may facilitate the calculations for more com- 


plicated models. 


le success of Fermi’s statistical theory in pre- 
dicting the yield of antiprotons at 25 Bev received 
much attention. However, there was compelling 
evidence that the final states in multiple produc- 
tion do not have equal probability.! This implies 
that one must take account of the dependence of 
the square of the transition matrix element 


’ Pra) = F (p) 


on the characteristics of the states in the general 
expression for the transition probability. The cal- 
culation of the statistical weights and spectra in 
the new theories of multiple production, therefore, 
involves integrals of the type 


Woe ey eh (UN ae 


Sn (E,P) =| F (p)8 (2px —P) 8 (Ze, — EL) dpi... dp» (1) 


An example of this is the covariant model of 
Srivastava and Sudarshan,” where 


Fe (2s (1’) 


En) 


The usual methods for calculating statistical 
weights,°® including the very effective Monte Carlo 
methods,‘ apply to the case F(p) = const and can- 
not be used for arbitrary functions F. We are 
thus confronted with the task of finding a general 
method for the determination of the characteristics 
of the interaction, i.e., the momentum and angular 
distributions, the correlations, the weights of the 
reactions, etc, for an arbitrary model of multiple 
production characterized by some function F (p) 
(called the model F in the following). It was 
shown by the author’ that this problem is solved 
by the construction of a table of random stars 
corresponding to the given model. 

However, two circumstances impair the effi- 
ciency of the procedure for picking the random 
stars proposed earlier:® 1) the difficulty of ‘‘hit- 


ting’’ the physical region of momentum transfers, 
i.e., the necessity of discarding impossible choices 
of momentum, and 2) the complications in repro- 
ducing the distribution of physically possible mo- 
menta required by the model, i.e., the necessity of 
discarding a large number of less probable choices 
of momentum. 

In Sec. 1 of the present paper the first of the 
above-mentioned problems is solved completely 
by two methods. This can be done in a general 
form, since the physical region of momentum 
variation is determined by the conservation laws 
alone. The second difficulty depends on the model. 
It can be alleviated, however, in the case of fac- 
torable models. Convenient formulas are obtained, 
in particular, for the Fermi model and especially 
for the covariant model (see Sec. 2). The covar- 
iant model yields distributions and weights with 
éven better accuracy than more complicated 
models (see Sec. 3). This is due to the fact that 
the efficiency of the Monte Carlo method must in- 
crease with the improvement of the approximate 
models (if the accumulated information is used 
correctly ). 

It seems to us that our formulas are simple 
enough to allow us to compute the distributions 
and weights in systems of some 10 to 50 particles 
with the covariant model, and in systems of 8 to 10 
particles with other, more complicated models. 

1. Let us assume that the distribution over pj, 
.,Pn of a system of particles with masses mk 
and energies e, is given by the square of the ma- 

trix element F(p). The region D of allowed 
values of momentum is determined by the conser- 
vation laws. Owing to the complicated form of D 
it is very difficult to pick a p_ from D, and, fur- 
thermore, to make this selection uniformly. Both 
of these difficulties disappear if we can find the 
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762 Graal. 


transformation which transforms D intoa (3n—4) 
dimensional cube. One such transformation has 
been found, in essence, by Yu. N. Blagoveshchen- 
skiY and the author.® 

Let us consider another variant, which is in 
closer correspondence with the physics of the 
problem. We introduce the notation? 


Ep Epo Chea, Pree Peer Pro 


n 
2 2 2 
M;, = E,—Ph, tr= » mi, 
h-+1 
YA on 2 2 =f 2 
= (Mi + mi — pi) /2Mn,  Pitmax = Stmax — Mr (2) 


7) 
Chmax 


We then write (1) in the form 


Sn (Ex, Pa) = ap... (dip... | apna | tpn FOO) 
ds dp (00) (co) 
<0) (Dron + Pr -F P,_1) fo) (@n—4 + @n — En_y). (3) 


Here d, denotes the region of integration for pk 
with fixed p,,...,Pk-1. We shall use spherical 
coordinate systems (pk, Nk, ¢k) with polar axes 
along the P;.° For each k < n we make success- 
ively the transformation of variables p, = Tepe 
where Tx (pj,..-,Pk-1) is the Lorentz transfor- 
mation matrix in the rest system of the particles 
keke ee 


Pele 1. 4(P ei, ee fh on YE PM, 
Pen?) = pia n,)' seer t= Pays 
Che (ex =F UePeNk)» 110, = P,/M,. (4) 


Then the ellipsoids d, go into spheres w, of 
radius Pkmax: Their radius does not depend on 
4 Wp ooo 5 Nk-1 Pi; BiGeo » Dk-1) since 


Me = Me, + me_y — 2My_1€h-1- (5) 


We have now (pn = Tn iPn) 


oe \ ap: Pa. \ ap. ae \ dD -4 \ dipnFo cep.) 
oy Op (co) (0) 
x ) (eo ap Bs ii Mn—i) I (ex Jen), (6) 
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or, after integrating the 6 functions, 


‘Se \ dp... \ App... \ App» 
OT rR On—2 
“e \ dn ok Cpe a en Ont See (7) 
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Here pn-1 = (Py-1)max, and the region w, is de- 
termined by the inequalities 


KOPYLOYV 


(ema “0 0 ets) 


0 x Pp <S (Pr ran! 


The momentum px, can also be given by the 
numbers 


This — Mr+i — Pr, Try Or (9) 


instead of the components Px, 1k, Pk- 
From (5) and (1) we easily find the form of the 
region D in terms of the variables T,: 


(eS te eee. (10) 


Formula (7) goes over into 


\ treads \\ 42 -»\\ dQ,_1®, (11) 
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n—i n 


®=F {I paler. 
1 1 


(12) 


In order to stay within D in picking the random 
stars, we must choose a sequence of n-2 random 
numbers in decreasing order and take them to be 
equal to T,/Tj,.-.,7n1/71- In carrying out the 
summation, @ mustbe multiplied by (47)271/(n —2)! 
A more general method consists in extending D to 
a cube according to the formulas of reference 6 
and multiplying ® by the product of the differences 
of the limits of integration. Each star, i.e., each 
choice of the 3n—4 random values of the integra- 
tion variables in (11) will have the ‘‘weight’’ @ (p) 
{formula (12)] if the values of p are evenly dis- 
tributed over the cube, or the weight #(p)/®* (p) 
if they are distributed with the density ®*(p). 
The average value of ®(p)/®*(p) goes over into 
the statistical weight as the number of stars is in- 
creased. To obtain histograms [distributions of 
the stars with respect to an arbitrary characteris- 
tic of the interaction q(p)] we must also compute 
the average value of @(p)/@* (p) over all values 
of p for which q(p) lies between q and q + dq. 
A table of random stars (in the proper meaning of 
the word) is obtained by casting out®” part of the 
number of stars in such a way that the number of 
the remaining stars with momenta between p and 
p+ dp is proportional to @(p)/* (p). Then we 
can assign the weight 1 to each of the remaining 
stars. This set of stars corresponds in all its 
statistical aspects exactly to the model F. 

It should be recalled that each momentum pk 
is measured in its own reference system (except 
the momenta Pp-; and Py, which are obtained ina 
common rest system). For the transformation to 
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a Single system we must use (4) and (2), and then 
(2.5) to (2.7) of reference 5. 

Let us now turn to special cases of formula (11). 
In the case of the Fermi model we can carry out 
the integration over 9;,...,@p-1, Mp-1 in (11). We 
then find an expression which is similar to expres- 
sion (2.15) of reference 5, with the difference that 
the drawing of the remaining 2n-4 variables is now 
simpler. In the case of the covariant model, sub- 
stitution of (1’) in (6) leads to an expression which 
depends neither on @ nor on 7, so that the 
weight is given by the (n—2) -fold integral 


Sn (Ex, P1) = Sn (Mj, 0) 


aXe ae Vl Dn den (Pn—1 | 2Mn—1), (13) 
1 

where the limits of the integration over €, are m 

and (Cina and 


ya / Mra = R(Mya, Mr, tn) | 2Mp—-1, 


R* (a, 6,c)= |] (a? —(—ec)?]. (14) 
c= 

Then formula (11) leads to the expression 

Se (Mj) 


v4 Tn—2 


=a Cae = 7 R(M M 
a Wide. \ dt, Mn J see ett 
2My 6 i k=2 Rk (53) 
where 
Moe, Ma = ti, (16) 


The function under the integral sign vanishes at the 
surface of the hypercube. The number theoretical 
method of Korobov,® which under these conditions 
achieves an accuracy not attained by the Monte 
Carlo method, is therefore very efficient in this 
case. But even apart from this, formula (15) for 
the weight is simpler than the corresponding for- 
mula of reference 4, which has been used for the 
calculation of the production of 15 particles. For- 
mula (15) enables us to go further. 

Since the density distribution depends only on 
the n-2 values of the energy of the particles [the 
remaining 2n—2 quantities 7;,...,Pp,1 are always 
chosen at random from the intervals (—1, 1) and 
(0, 27)], the efficiency of drawing ‘‘covariant 
stars’’ is much higher than usual. 

2. Let us now consider factorable models, i.e., 
models in which F (p) can be split up into at least 
two independent factors (describing the production 
of non-interacting subsystems ). In this case the 
efficiency of the drawing is further increased by the 
method of grouping. 

Let us divide the system of N particles into n 
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: n 
independent groups: F (p) = I ae (Pij ); the mass, 
iL = 


energy, and momentum of the particle j of group i 
are now denoted by Mjj, €jj, and pjj, while mj, ej, 
and pj refer to the whole group i: 


Deu = ee >) Pes = Pas 
i / 


Instead of (1) we can now write 


2 2 2 
ii =e; — pi. 


Su(E, P) =\T] a'p.5:(n)8*(Sye—P), 


é 


(17) 


where 


n ny 


Si (pi) = \ ee (> pi — Pi) Fi (pi). 


i ] 


(18) 


The grouping formula (17) expresses the weight of 
the system in terms of the weights of the non- 
interacting subsystems through a natural generali- 
zation of the formulas of references 9 and 4. If 
the analytic expressions for S; are known, the 
drawing of pj, ej; according to (19) and then of Pij 
according to (18) (by the rejection method) is 
more efficient than the direct drawing of Pjj ac- 
cording to (11) by the same method, since the mul- 
tiplicity of the integrals (17) is lower than in (11). 
For the drawing of ej, pj we again go over to 
the rest system of the groups i,...,n in which all 
directions of p; have the same probability. The 
region 6j of allowed values of ej, pj is shown in 
the figure. Its equation was given by the author in 
reference 10. As before, it does not depend on 7, 
: ATREAY 4 poo oleae We obtain [ (Si (ej, Pj) 


Ultrarelativ- 
istic case ‘'/ 


Projection of the physical region of variation of the char- 
acteristics of a particle with variable mass m, on the planes 
(m,,€,), (€:, P:), and (p,,m,): ABC if the masses m,,..., Mp 
of all other particles of the system are also variable; AB/C’ 
if m, = const, m,,..., My, variable; AB” C” if m,, m, = const, 
ABC if all masses Teen = COnSts 
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X Sn (Mn—1—@n—1, —Pa—)- (19) 
The bigger the groups, the higher is the efficiency 
of the grouping. However, there are practically no 
simple general formulas for the calculation of (18) 
for nj > 2. But even the grouping into a pair 
should have an appreciable effect (for example, 
for the Fermi model??). 

Let us again consider the covariant model as an 
example. In this case general expressions exist 


for the weight of two arbitrary particles, 
S® (M, m,, m,) = (a/2M?) R(M, m,,1m) (20) 


and of three particles with equal mass” (with an 
accuracy of better than 1.6%), 


S® (M, m, m, m) = © r?M?(1 + 0.99722) (1 — a)" (1 — 9a2)2, 


a=m/M. (21) 


Furthermore, by covariance we can replace 
Si (ej, Pj) by Sj (ej, Pj) in (19) and integrate over 
i n 


n 
the directions (Mj = X mis Lk = me ni) 
Mp (2) max 
Sw (M,)= (4ny"*\ Siele \ Sr (mp) m,dmp \ prdep Ord 3 
Mp Leys 
Mn—j—P-n—1 
x \ Sp—1 (Mp1) Mn—y UM 


Mn—y 
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(Cn—D) max 


x ea (M,) dejar. 
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(22) 


Thus the weight of the system of N particles 
is expressed in terms of 2 (n—1) -fold integrals 
(n is the number of groups into which the total 
number of N particles is divided up). In compu- 
ting the weight of 9 particles [using (21)] we thus 
only have to calculate a quadruple integral. 

A special case of formula (22) is the doubling 
formula. Let the index of S denote the number of 
particles in the group and not the number of the 
group. We divide the number of N particles into 
two groups whose weights have a known energy de- 
pendence. Then (22) yields (tj = mj — mi, 
= (Mj + mj — m})/2M;) 

1 u—h 
Sn (Ma) = (4m/M,)\ dé, | déymyS, (m)pymgSy—v (am). (23) 


0 0 


The doubling of the index is then achieved by set- 
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ting N = 2v. If both groups have identical struc- 
ture, we only have to know the single function 
SNn/2 (m,) for the calculation of SN. In the par- 
ticularly convenient case when all particles are 
identical and N =3 x 2"? or 2", we only have to 
calculate the n—1 functions S¢, Sj.,... or S4, Sg, 

., starting with v = 3 or 2 [formulas (21) and 
(20) ]. This implies the calculation of n—1 triple 
integrals. Thus the computational difficulties 
grow very slowly (logarithmically) with increasing 
number of particles. The calculation of the pro- 
duction probabilities and the spectra of some 10 to 
50 particles appears to be within the capabilities of 
modern computing machines.* 

We note that the construction of the table of 
random stars for a system with large N can be 
considerably simplified in the covariant model, if 
each type of particles is described by only one 
representative in the table. The table for the sys- 
tem N, (n+ 1)7 can then be obtained from the ex- 
pression 


Swintiyn (M) = Ant \ Py dey, \ Ue eS nn (Mind) 
Lio =a LU irene 


= M? + m2, —2Me,, 


ie — v2 |) En er 


M (24) 


(nye 
if we first determine the function S,7 and then use 
the usual method of picking random stars. 

3. The convergence of the process of calcula- 
tion of the integral (12) or of obtaining histograms 
by the Monte Carlo method can, in principle, be 
made as rapid as we please by augmenting the 
amount of information about the function under the 
integral sign. Thus, the closer ®*(p) is to @(p) 
[see formula (12) and the following discussion ], 
the more accurately is S(E, P) determined ina 
given computing time. The use of a density 6* (p) 
close to @(p) is called essential sampling.! 

This characteristic feature of probability 
methods of calculation leads to interesting results 
in the problem of establishing a model for multiple 
production. Let us assume that a table of random 
stars has been obtained for the model F,. In this 
model the frequency of different states p is pro- 
portional to their weights $;(p) [formula (12) ]. 
The calculation with the help of models Py (ji> 1) 
which are closer to reality can be carried out with 
increased accuracy if one uses essential sampling 
with the density @*(p) = 4; (p), i.e., if the compu- 
ter successively extracts from its memory 


*However, a specific difficulty appears, namely the fact 
that for large N the functions to-be calculated increase ex- 
tremely rapidly with the energy. 


CALCULATION OF THE STATISTICAL WEIGHTS AND DISTRIBUTIONS 


choices of p and their weights ®,(p), calculates 
@;(p), and takes the average of $j / &;. The 
hisses the model F; is to reality, he simpler are 
the calculations for the models Fj which improve 
on F;,.* 

For such a “‘basic’’ model one can probably 
already take the covariant model, because it is 
simple and its predictions are in sufficient agree- 
ment with the experimental data.?’!! In going over 
to the model Fj, the ‘‘covariant stars’’ will have 
to be assigned the weight 2e,.. -€yFj. In the case 
of extremely relativistic particles the table of 
‘covariant stars’’ can be easily set up by the 
machine itself. It can be shown’? that in this case 


yy = Uy (Ey nc bn) (25) 
where typ are the roots of the equations 


(v—1) 


and a, are random numbers. Since the form of 
the region D is independent of mj;,...,my, and E, 
the essential sampling (25) may turn out to be use- 
ful even for mx, = 0. 
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CONCLUSIONS 


In the description of a system of n particles, 
the momentum of the particle k(k <n) is conve- 
niently given in the rest system of the particles 
k, k+ 1,...,n. This imposes no restriction on 
the direction of the momentum, while the magni- 
tude of the momentum is restricted only by the 
requirement of energy conservation. This facili- 
tates the calculation of the statistical weights and 
the determination of the physically allowed mo- 
menta in establishing a model of multiple produc- 
tion (point 1). 

If one group of particles is assumed to have no 
interaction with the remaining group of particles 
in the model of multiple production under consid- 
eration, the preliminary calculation of the statis- 
tical weights of the independent groups facilitates 
the establishment of a model for the whole system 
(point 2). 

The table of random stars constructed for a 
given model F,; can also be used for the investi- 
gation of other models Fj. In setting up the histo- 
grams it is here only necessary to assign the 
weight 9%; /, instead of 1 to each star in the table. 
The best efficiency in constructing the table is 
achieved with the covariant model (extremely 
relativistic case) (point 3). 


“*{t is appropriate here to make an analogy with perturba- 
tion theory, which is a method of investigating complicated 
systems by using the information obtained from the study of 
simple unperturbed systems. 
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Since the Monte Carlo method yields histograms 
of experimental interest for arbitrary models, 
with exact account of the motion of the target 
nucleon, the presence of bound states, the decay 
of secondary particles, etc., it must be regarded 
to be in closer correspondence with the problems 
of multiple production than the usual analytic 
methods. In particular, the proposed method can 
be used in a natural way in the calculation of cas- 
cades inside the nucleus, ” thus allowing us to com- 
pute the multiple production on nuclei.” 

The results of this paper are treated in more 
detail in reference 10. In particular, some 
analytic expressions for the covariant weight are 
given and the equations for the region 6; are con- 
sidered (see the figure ). 

The author takes this opportunity to thank B. N. 
Valuev, L. G. Zastavenko, and I. V. Polubarinov 
for valuable advice. 
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On the basis of results given in a previous article,! an integral equation for the a33 phase 
shift is obtained along with expressions for the other phase shifts, which involve the 1-7 
scattering phase shifts 6) and 6,. The important role of the dispersion relations for back- 
ward pion-nucleon scattering is established. It is shown that the 6) phase shift greatly in- 
fluences the -N scattering. The scattering length for the 6) phase shift is determined by 
an analysis of small p phase shifts near the 7-N scattering threshold. 


1. THE TRANSFORMATION TO PARTIAL WAVES 


leg a previous article!* we reported on an inves- 
tigation of the analytic properties of the scalar am- 
plitudes for pion-nucleon scattering in the complex 
q? plane for fixed cos 6 =c (in the center-of-mass 
system). 

The contribution from the cut specified by reac- 
tion II] (17+ a7—~N+ N) was approximately re- 
duced there to two functions 

RG Cia Crete), F (Ge) =e Gse). (1.1) 
The functions up and u; occurring in (1.1) are ex- 
pressed by Eq. (1.5.5)f in terms of the 1-7 scat- 
tering phase shifts 69 and 6,. 

When c = — 1, the function F, is an electro- 
magnetic pion form factor.” Therefore, for the 
sake of brevity, we shall call Fy and F, respec- 
tively s and p form factors (even though for Fy) 
such a designation is merely formal). 

These form factors F; enter in the kernels of 
the final system of integral relations (1.5.4), 
(1.5.6), and (1.5.10), which determine the pion- 
nucleon scattering amplitude. The integral terms 
of these relations are explicitly expressed by the 
partial scattering amplitudes. To deduce integral 
equations for the individual partial waves it is 
necessary to transform to partial waves in the 
left-hand terms of the equations. 

Ordinarily this transformation is accomplished 
by integration with the proper weighting function 
over the interval -1=c<= 1. This is not the only 
method; for instance, as was done by Chew et al.,? 
the transformation to partial waves can be effected 
by a Taylor expansion in c at c=1. 


*Henceforth referred to as I. 
ti.e., Eq. (5.5) in I. 


To select a method of expansion in partial waves 
we shall examine more closely the analytic prop- 
erties of the &@ functions in the non-physical region 
of reaction I. In our derivation of the integral re- 
lations we used an expansion of the functions ¢@ in 
the angles of reaction III, which are in the non- 
physical region. The regions of convergence of 
such expansions are determined by the singularities 
of the Mandelstam representation. The nearest 
singularities, disregarding the poles, that limit the 
expansion of Re @ are the asymptotes s = (M+ my2 
and § = (M+u)*. The region of convergence for 
Im @ is broader and is determined by the bound- 
aries of the spectral functions (the curves Cy 
and C23 in Mandelstam’s notation‘). 

Using Heine’s theorem,” we can construct the 


ellipses of analyticity in the cos 63 complex plane. 
Using then formulae (1.5.1) to transform to the 
variables q? and c, we obtain the curves plotted 
in the figure. The Cp curve defines the analyti- 
cal region of the function Re 6, while Cy does 

the same for Im 9. 


As can be seen from the figure, the conven- 
tional procedure for transforming to partial waves 
by averaging the functions with the Legendre poly- 
nomials allows us to account for the nearest singu- 
larity from reaction III only as far as Q* = 21355 
In practice we confine ourselves to s and Pp waves 
for reaction III. This approximation causes a 
large error in a certain region below the CR 
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curve, where cos 63 assumes a large complex 
value. We therefore transform to partial waves by 
means of a Taylor expansion of our functions at 
ec =-1 (see as this connection also the article by 
Efremov et al.® ): 

There are several advantages to this method. 
First, the nearest part of the non-physical contri- 
bution by reaction III is included with considerable 
accuracy. Second, since the integrand contains the 
amplitude of reaction III for the physical value 
cos 63 = —1, we shall not in fact be using an ana- 
lytical continuation into the non-physical region of 
cos 93 and shall always be in the region of conver- 
gence. We can expect our formulae to be correct 


in some region below he = —4y? where the inelastic 
contribution is still small. 
Further, when c = —1, there are no non-phys- 


ical cuts due to the crossing reaction II (7’+N— 
m+ N’), and the only non-physical cut is from re- 
action III, which we allowed for. Finally, when 

c =-—1, our formulae are very simple, since the 
relation (1.4.7) is greatly simplified. 


2. EQUATIONS FOR PARTIAL WAVES 


Having in mind the application at low energies, 
we confine ourselves to s and p waves. In this 
approximation we have 


h@ =f @, —D +1 @ —D, 
‘FR@?) =t iP @, — 1), (2.1) 
fe @?) =f @,—D +2 (@,—1). (2-2) 


According to (1.2.3) ae (q?, —1) is expressed 
through A™, ~a=A™ /(s — 8), B=B™ /(s - 8), 
and B as follows: 


FO (2, — 1) = 2M LA (g?) + 4po0 (W — M) B(q*)]: 
IP @,—-1) = on [4pooe (q?) + (W — M) BO (q*)], 
£? (@?, —1) = BE [— AO @) + 4000 (W + M) 8 (9) 

Ge) inate aes (@*)], 
AO" @, —1) = AE Ae” (ag?) 


+ (W — M) (298 (q?) + 4p0o8" (9")1; 


f%@?, — 1) = BEA (2 ga (9°) 


+ Apowa’ (q?) + (W — M) B(q?)]. (2.3) 


Here w =qg, while @ (q?) and &’ (q?) denote 
coi) (q?, c) and d@/de when c = — 1 after a subtrac- 
tion at the point q? = 0. 


II Then 


The rest of the designations are identical with 
their counterparts in I. 

Let us consider the subtraction procedure. As- 
suming as usual a linear increase of the amplitude 
at infinity and allowing for the properties of cros- 
sing symmetry, one can easily show that one sub- 
traction suffices for the functions A*, a, and B™, 
while none is required for 8. As subtraction para- 
meters it is convenient to select the experimental 
scattering lengths a, and a3, as well as 


33 = lim o35q°8. 
a0 


In order to ensure that the &’(q?) functions van- 
ish as q?— 0, we also perform a subtraction in 
these, without introducing any new constants. 

Let us introduce the following notation: 


D = O)4+ O, + Oy 4 One, D' =O, + Oey + Din. (2.4) 


Here @, denotes the contribution by the pole; @7;y 
designates that part of the integral which does not 
contain form factors, while ®,, is the part con- 
taining them and which is zero when Fy = F, = 1, 
and 9 is the subtraction constant. 

All the terms in the right side of (2.4) vanish 
when q? = 0, except for the subtraction constant 
dy. These, except 8), can be expressed through 
the experimental values 


= a (a + 2as), 


We shall make one more approximation. Be- 
cause of the relative values of the phase shifts, 
we shall restrict ourselves in the integrand to the 
a33 phase shift only. Consequently, the integrals 
in the right side of (2.4) will depend only on 
Im f33 = w (q?) and the form factors. The result 
is that we obtain an integral equation for fy, 
while the other phase shifts will be determined by 
integral relations in terms of ~. This approxima- 
tion corresponds to the first iteration when the 
entire system of equations for partial waves is 
solved, with the zero approximation containing only 
the experimental value of a33. 

The subtraction constants are (wu = 1) 


a = (a— As), @z3, (2.5) 


A™ (0)/4m = (1 + 1/M)a, — MB (0)/x, 


B‘(0)/4n = (1+1/M)a_— Ma(0)/x, 


B (0) 4p? je Ve B (x) ae 
en CS ee é 
(0) _ BO) 1 
a ie e (1 | wi) 499 
Sofie 2 La BE Goi AMO Ge Mia eon) 


es q 
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while the pole terms are Im A (x) = at 2 [po (x) @ (x) + x —2Mo(x)], 

Be = 7 EM gE” Im a = $n : [(Po — M)o + x], 

Bp = G+q— Meno <1 — 29%) Im BW == = (2p. — ™), ims = 45 ae (Po — ™), 

Bp) = ce = ee as In ot = 3 : a a a 
— 16am [ 2 (pro) (gly — get) nee ima! = — 5.2 Soni — Mo A (090 2 200) 
i In ewe ; a 

BY” = — 32nMef? ona Tm a on Vee x eel, (2.12) 


(2.7) 


+ 4nM2f? Ue [2 Mi 4 207 W | 
pio? 


Po® 1B) 

Now let us proceed to the integral terms. As- 
suming c = —1 in (1.5.4), (1.5.6) and (1.5.10) and 
taking (1.6.3) into account, we obtain 


_ GPE Seo) 
Ov | ean at, (2.8) 
ara we 
Gz (x, q°) = (Ex (x) — E;(q?))/Fi(x),  Fi(x) = 1 — xE: (x). 
(2.9) 
Then, differentiating the aforementioned formu- 
lae in I with respect to c at c =-—1, we find 
eg? lar" (x) av, 3 
Ory E\ gay tl — 2(x— 4°) p(x, Pl dx 


+ £\Im® (x) do (x, 4”), 


x 
qilk (g) — MJ 


x—q? 


—IK(@)—M) 4 
W? (x)’ 


@ (x, 4°) = (2.10) 


fh pate ' i a 
2 On =— 4 (2 G(x Eos (x) Ae 


q Ree W® (x) 
1 ¢(Im® 
oe | page hie Pax 


— = lim (x)d (xK (x) ey 


W? (x)(x — 9g?) 7? 


F; (x) (xE, (q?) — 4) + F; (q2) F, (0) 


Ble a) = F? (x) 


(2.11) 


In Eqs. (2.9) and (2.11) we puti=0 for A*,i=1 
for wand 8, and By_ = 0. The sign of A; and 
Gj is selected so as to make Gj (x, q?) and 
A; = 0 when the 7-7 scattering lengths are 
positive. 

The imaginary parts of @(x) and 6’(x) which 
occur in Eq. (2.8)—(2.11) are expressed through 
by the formulae 


Thus we have for f;3 an integral equation that con- 
tains the pion form factors, and for the rest of the 
partial waves we have expressions dependent on 

#~ and on known constants and form factors. 


3. EXPANSION IN 1/M AND EVALUATION OF 
SMALL p WAVES 


Let us examine the properties of the derived 
equations. After an expansion in 1/M, the princi- 
pal terms of the a7-N part will coincide with the 
principal terms of the equations deduced by Chew 
et al.,° provided that subtractions like ours are 
made in the latter. However, our equations con- 
tain in addition 7-7 terms. We note that our 
equations differ from those of Chew et al. in that 
a formal transition to the static limit (M— ©) 
is impossible even in the p waves, shift contri- 
butions of the @,, terms, which contain the s phase 
shift, are proportional to M. 

When q?— 0, the small p phase shifts have 
the form aj_ © aj,q° and are determined by sub- 
traction constants a,, a_, and ag33, as well as by 
the integrals containing ~(x) and the form fac- 
tors. Performing the calculations, we obtain with 
accuracy to 1/M, 


Q31 SS 0,141 + VIS 


Qy3 >= — 0.164 + 2M, — Woe 
Qy= 0.075 — 2MY, + Te (3.1) 
Here 
Bo =| POP Ao(x, Ode, 
0 
yy dx %p (x) 
= ast may |2G1 (2; 0) + Aa (x, O)]. (3.2) 
¢ 

The values f = 0.08, a, = — 0.016, a_ = — 0.094, 


a33 = 0.232 have been used. 
The integrals containing f,, were computed in 
the interval from 0 to q? = 6. The values for f33 
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in this interval were taken from Pontecorvo’s re- 
view!’8 The accuracy of these calculations, taking 
into account the effect of neglecting the integrals 
from 6 to ©, was estimated to be 5%, which cor- 
responds in (3.1) to approximately a few thous- 
andths. 

By comparing the right side of (3.1) with the 
experimental data, we can estimate the integrals 
Wo and W,. A reasonable fit can be obtained only 
for W). The table lists the experimental data® 
and the values of the right sides of (3.1) for 
2MW = 0.12 


Experiment —0.039+0.022 
Theory —0.02 


—0.044+0.005 
—0,04—Py 


—0.038+0.038 
—0,04542¥%1 


It is evident that the large experimental errors 
make it impossible to draw any conclusion about 
the integral W,, which depends on the p phase of 
mT Scattering. However, the sign and order of 
magnitude of Wp» can be considered reliable. 

Our results are in agreement with the conclu- 
sions reached by Ishida et al.’ If we take for the 
s phase shift of 7-7 scattering, 69, the ‘‘scatter- 
ing length approximation’? ® 


tan 6, (q) = 459, 
which gives us 
p as 2a, 


then we obtain a, = 0.9/u from the condition 
2M = 0.12. This value is also in agreement with 
the results of Ishida et al.,? who obtained ag = 1/u. 

We must stress that the numbers in the right 
size of (3.1) are not reliable. The trouble is that a 
difference of large terms occurs, and ‘‘small 
terms’? of the order of 1/M become important. 
However, these terms cannot be computed with the 
necessary accuracy because the terms which arise 
in the expansion of denominators like 1 + 2w(x)/M 
are expressed by slowly converging integrals. 
Therefore, a reliable calculation of the small p 
waves should be computed without an expansion in 
1/M. This computation, together with the calcula- 
tion of the energy dependence of the s and p phase 
shifts and the solution of the integral equation for 
f33, is now in progress. 


4. DISCUSSION OF THE RESULTS 


1. From the Mandelstam’s double spectral 
representation, we have derived a system of in- 
tegral equations for the partial waves for pion- 
nucleon scattering. In this connection, the 
especially important role of the dispersion re- 
lations for 7-N backward scattering was ascer- 
tained. These relations alone are in fact suffi- 
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cient for obtaining a system of integral equations. 
Because there is little hope for the strict proof 
of Mandelstam’s representation, the proof of the 
dispersion relations for backward scattering be- 
comes of great interest. 

2. The s phase shift of 1-7 scattering, 69, is 
shown to enter in the expressions for the 7-N 
partial waves with a large factor M. Consequently, 
despite the approximate nature of our numerical 
calculations and the large degree of experimental 
error, one can reliably determine the sign and 
order of magnitude of the scattering length for 
the phase shift 6) merely from an examination 
of the small p waves of m-N scattering near the 
threshold. We hope that a more accurate com- 
putation of the s and p waves in the energy in- 
terval 100 — 200 Mev will enable us to obtain 
some information about the p wave of 1-7 scat- 
tering. 

3. These results are in agreement with those 
of Ishida et al? and contradict those of Bowcock 
et al.” Setting aside the question of the different 
methods of obtaining the equations for the partial 
waves (in this connection, see reference 6), we 
make the following comments about the paper of 
Bowcock et al.:!° a) the authors, concerning 
themselves with the problem of obtaining infor- 
mation about the resonance behavior of the p 
wave of m-a scattering, have neglected the s 
wave, which by itself gives the main contribution 
to m-N scattering; b) they have also failed to 
perform a subtraction the necessity of which was 
emphasized by Chew et al.;? as a result, for in- 
stance, 6, contributes to a;3. Moreover, they have 
estimated the integrals which depend on Im f33 
very roughly. If our method is used to compute 
the magnitude of a33 as defined by their Eq. (5.3); 
we obtain 0.176 instead of 0.213. 

The authors wish to express their gratitude to 
Prof. Chou Hung-Yutian for his very valuable com- 
ments. 
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ON THE POSSIBILITY OF PROTON DECAY OF NUCLEI* 
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The possible existence of proton radioactivity is considered. The region of nuclei in which 
it seems most feasible to search for proton radioactive isotopes is determined. The ex- 
pected lifetimes of p-active nuclei are estimated and the role of competing processes (a 
and £* decay, K capture) is discussed. Possible reactions leading to the formation of 
p-active isotopes are indicated and their cross sections are estimated. 


li In all presently known nuclei the last proton has 
positive binding energy, i.e., these nuclei are sta- 
ble against proton decay. However, if the number 
of neutrons in the nucleus is lowered, the binding 
energy of the last proton decreases and can be- 
come negative. In this case an unexcited nucleus 
may emit a proton. 

The decrease of the binding energy of the proton 
is due to the fact that the number of unpaired nu- 
cleons in the nucleus increases if there are fewer 
neutrons. This leads to a weakening of the nuclear 
interaction and to a relative strengthening of the 
Coulomb repulsion. This behavior is characteris- 
tic of all nuclei; only the quantitative aspects of 
this dependence change: as Z increases, the 
change of the binding energy of the proton with 
changing A becomes slower. To illustrate this 
situation, we show in Fig. 1 the binding energy of 
the last proton as a function of the mass number 
for the isotopes of Sc and Bi.?”? 

An analytic expression for this behavior is eas- 
ily obtained by using the semi-empirical Weiz- 
sacker formula (see, for example, Fermi’s book’ ). 
According to this formula the binding energy of 
the last proton (Ep) in Mev is given by 


y 1 A 4 
Ep 981.14 {a — ae s5, + 55-4 |($—Z) +7 
Mh 4) 
eka a ae ah, (1) 
where 
a,= 0.015, a,=0.014, a,= 0.083, a, = 0.00063, 


__ — 0,036 A“ for nuclei with odd Z, 
a + 0,036 A~’* for nuclei with even Z. 


The term most sensitive to changes of A is the 
third term, which is related to the isotopic number. 


*The basic results of this paper were presented in the report 
of Karnaukhov.* 


It essentially determines the change of the binding 
energy with changing mass number. As the nuclei 
become heavier, this term becomes less impor- 
tant, and the removal of a single neutron has a 
weaker effect on the binding energy of the last 
proton. 

The extent of the region of nuclei which are 
stable against proton emission can be estimated 
with the help of Eq. (1), setting Ep = 0, or by ex- 
trapolating the experimental binding energies of 
the last proton.?’*»> The results of these estimates 
are given in Fig. 2*. The following can be con- 
cluded from Fig. 2. First, proton instability occurs 
sooner, i.e., in relatively heavier isotopes, for 
nuclei with odd Z. This can also be seen immedi- 
ately from Eq. (1) by considering the contribution 
of the last term connected with the parity of the 
number of nucleons in the nucleus to the binding 
energy of the proton. 

Second, the boundary of p stability recedes 
from the region of stable isotopes as Z increases. 
For nuclei with Z > 60, more than 10 neutrons 
must be removed from the nucleus in order to ob- 
tain a p-active isotope. It is very difficult to ob- 
tain such nuclei experimentally. The determina- 
tion of the boundary of p stability for nuclei with 
Z > 60 is therefore of no practical significance as 
Viet: 

It should be noted that Alvarez®’’ called atten- 
tion to the fact that the light nuclei (Z < 20) of 
the series Z = 2n +1, A= 4n are close to p in- 
stability. Experiments® ® showed, however, that, 


*In the Appendix of the paper of Cameron,” kindly given 
to us by V. I. Gol’danskii, Ep was estimated for the light 
isotopes with the help of a revised semi-empirical formula 
for the mass of the nucleus. According to these data the boun- 
dary of p stability agrees, within the limits of a displacement 
of one unit in N, with that shown in Fig. 2 for 20 < Z < 50. 
For Sb and I the data of Cameron are close to our extrapolated 
values. 
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FIG. 1. Proton binding energy as a 
function of the mass number for the iso- 
topes of scandium and bismuth (accord- 
ing to the data of references 2 and 3). 
o—stable isotopes, x — radioactive 
isotopes. 
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FIG. 2. Boundary of the region of stable nuclei with respect 
to proton emission: o —lightest stable isotope of a given ele- 
ment, x —stability boundary for nuclei with odd Z, obtained 
by extrapolation of the experimental data, e—similarly for 
even Z. The solid curve indicates the boundary for p stabil- 
ity for nuclei with odd Z, obtained from the Weizsacker formula; 
the stability boundary obtained from the same formula for even 
Z is indicated by the dashed curve. 


with the exclusion of F!*, these nuclei are p sta- 
ble. In the case of F'® indirect evidence indicates 
that it is unstable against proton decay. 

2. The instability of a nucleus against proton 
emission shows up only if the probability of other 
decay modes is smaller than the probability of 
proton emission, or is at most comparable to it. 
Processes competing with p decay are K capture 
and B* decay for light and intermediate nuclei and 
a decay for the heaviest among them. 

In the case of the first p-active isotopes the 
energy of the K and B* transformations can be 
estimated with the help of the Weizsacker formula 
or by extrapolation of the experimental data. These 
estimates show that this energy is 10 to 15 Mev 
for the nuclei under consideration. The half-life 
for an allowed 6* transition is in this case 0.1 to 
0.01 sec. The lifetime with respect to K capture 
is considerably greater. We see from this that in 
the region of light and intermediate nuclei the pro- 
ton decay is noticeable if the lifetime of the nucleus 
with respect to proton emission is smaller than or 
comparable to the value 0.1 to 0.01 sec. 
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It can be shown with the help of the Weizsacker 
formula that a decay becomes energetically pos- 
sible for nuclei with Z > 40 on the boundary of p 
stability. Since the accuracy of calculations based 
on the Weizsdcker formula is poor, while the life- 
time of the nucleus with respect to a decay depends 
strongly on the energy of the decay, it is not possi- 
ble to estimate the half-life with sufficient relia- 
bility in this case. The only thing one can say is 
that the lifetime with respect to a decay will not 
exceed 10° sec for the first p active isotopes of 
elements with Z > 55. This means that for nuclei 
with Z < 50 the most important process competing 
with p decay is apparently B* decay, whereas a 
decay is the strongest competitor for Z > 50. 

3. The lifetime of a nucleus with respect to 
proton emission can be estimated by regarding the 
p decay as the result of the passage of a proton 
through the Coulomb barrier. According to Bethe,’ 
the disintegration constant for proton emission, 

A, is given by the relation 


4 = 1/1 =(v/2R)exp(—G,); 
G, = 2g [x2 are cos x" — (1 — x)"/], 


g=h*V 2MZeR, x = E,/V>, Vac" amen) 


Here v is the velocity of the proton in the nucleus, 
m is the mass of the proton, Ep is the energy of 
the proton decay, R is the radius, and Ze, the 
charge of the daughter nucleus. 

Since it is impossible to predict with sufficient 
reliability the disintegration energy of the first p 
active isotopes, one cannot compute the lifetime of 
these nuclei with satisfactory accuracy. It is 
therefore more feasible to determine the proton 
energy corresponding to a prescribed lifetime of 
the nucleus. We restrict ourselves to the values 
7 =107 sec, 1” = 1078 sec, and r” = 107! sec. 
T’ and rt” were chosen such as to accommodate a 
certain group of experiments; Tt” represents the 
maximal lifetime of the nucleus with respect to p 
decay, when the competition from allowed B* de- 
cay is still insignificant. The results of the cal- 
culations for several nuclei are given in Table I. 

It is seen from Table I that the intervals E { 

— Ep3 within which the energy of the proton must 
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TABLE I 
a ee ee 
Nu- Ep1,Mev Epo, Mev Eng, Mev, 
cleus | t=10-12sec) t=10-*sec| t=10-1sec| Ept—=3 
Sc39 0.38 One O) i? 0,26 
As83 OR75) 0.45 0.25 0.50 
Sb160 185 ‘le Ons il.) 


lie in order that the p decay can be observed ex- 
perimentally are small (especially for small Z). 
Observation of a p-active nucleus with Z < 20 is 
therefore rather improbable. As Z increases, 
the range of admissible values of the proton en- 
ergy is widened; however, it becomes narrower 
again for nuclei with Z > 50 due to the growing 
competition from a decay. 

It should be noted that the range of admissible 
energy values of the proton can be extended some- 
what into the region of high energies if a proton 
with non-vanishing angular momentum is emitted 
or if the parities of the state of the daughter nu- 
cleus and of the core remaining after emission of 
the proton are different. 

The effect of the angular momentum of the pro- 
ton on the probability for its emission can be de- 
termined by replacing Gp in Eq. (2) by G7 (see 
Bethe®), which characterizes the penetrability of 
the barrier for particles emitted with an angular 
momentum equal to h¥1(1+1). The effect of the 
angular momentum is more pronounced in proton 
decay than in a decay, since in the first case the 
height of the centrifugal barrier is four times 
greater for the same 1, while the Coulomb barrier 
is lower by the factor ¥,. In Table II we give the 
retardation factor f7 = Ay /Al = T1/T) for different 
values of J, calculated for a proton energy corre- 
sponding to Ty) = 10-® sec. As was to be expected, 
the effect of the angular momentum is more pro- 
nounced for the lighter nuclei. 

4. Together with p decay from nuclei in the 
ground state, a proton can also be emitted through 
the barrier by an excited nucleus formed, for ex- 
ample, as a result of 8* decay. This phenomenon 
is analogous to the emission of delayed neutrons 
from fission fragments. In this case the proton 
decay may be accompanied by a competing radia- 
tive transition. Estimates show, however, that for 
p active isotopes of intermediate nuclei this com- 


TABLE II 
Nucleus fi fe fs 
Sc3? i) 70 1400 
As8 2 20 300 
Sb106 1 10 100 
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petition becomes unimportant already for excita- 
tion energies of 1 to 2 Mev. 

As examples of this case we take the nuclei 
Se‘! and As®", in which the binding energy of the 
proton is 1.8 and ~1 Mev, respectively. If these 
nuclei are excited to an energy 2 4 Mev as a re- 
sult of the preceding B* decay of Ti‘! and Se®" 
(the B* disintegration energy for Ti*! and Se®’ 
is 8 to 9 Mev), there is a high probability that the 
excitation energy of Sc!! and As®’ is removed by 
emitting a proton through the barrier. 

The observation of delayed protons has been 
attempted by a number of authors.°-®!9 The failure 
of these attempts is apparently connected with the 
fact that the binding energy of the proton is large 
in the nuclei investigated, which means that prac- 
tically the entire 6* disintegration energy had to 
remain in the form of excitation energy of the 
daughter nucleus in order to make the emission of 
the proton possible. 

5. As was shown above, p activity should also 
be expected in very light isotopes. These isotopes 
may be obtained with the help of nuclear reactions 
involving neutron emission. Most convenient for 
the production of p active isotopes are reactions 
initiated by charged particles. Here it is better 
to use particles with odd Z, while the target should 
consist of elements with even Z which have rela- 
tively lighter isotopes. This permits one to ob- 
tain p active nuclei with odd Z as a result ofa 
reaction with emission of a minimal number of 
neutrons. In Table III we list some of the pre- 
sumed p active nuclei which can be obtained in 
reactions initiated by protons or ions of N'4. We 
also give the approximate values of the threshold 
energies Ethresh and of the maximal cross sec- 
tions Omax for these reactions. 


TABLE III 

p-active Reaction for Ethreshy 5 eat 

nucleus production Mev max, 
Sc89 Ca (0s 22) 25 5-10-27 
Si?8 (N14, 37) 35 4-40-27 
Cr5° (pp, 4n) 50 1-10-28 
Mn® A% (N14, 3n)| 35 | 4-10-27 
As83 Ge? (Pp, 8n) 85 <5-10-30 
* Fe (N14, 5n)| 70 1-10-28 
rove | Kr? (p, 6n) | 65 | <4-40-% 
Tiss (ANGE YQ) 65 4-10-27 
Spt06 Sn? (p, 77) 70 <a mes 
Ru® (N44, 47) 60 4-10-26 


The reaction cross sections quoted in Table III 
were computed with the help of the relation 


Sno e]] (paar) (3) 


t=1 


’ 
L 
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where x is the number of neutrons emitted in the 
reaction; og is the cross section for compound 
nucleus formation, Ip, Ip, and Tq are the par- 
tial level widths of the nucleus corresponding to 
the emission of a neutron, proton, or a particle; 
i=1 refers to the compound nucleus, i= 2,3,..., 
x refers to the intermediate nuclei formed after 
emission of 1, 2, etc., neutrons from the compound 
nucleus. 

The value of Ty, /(T'y + Ip +Tq) was estimated 
with the help of the statistical model for the evap- 
oration of nucleons from an excited nucleus. Ac- 
cording to this model 


r z B, ~~ By — 0,9, | 
ap n p Pp 
Tecan exp| if fe 
es Wi ee 5). = 0.9V,| 
eon leet I: 


In these formulas By, Bp» and Ba are the binding 
energies of the neutron, proton, and a particle in 
the nucleus; Vp and Vq are the heights of the 
Coulomb barrier corresponding to proton and a 
emission from the nucleus; T is the nuclear tem- 
perature. 

For the cross section of the reaction (p, 6 
— 8n) we give an upper limit in the table, since 
calculations based on formula (3) do not take ac- 
count of the cascade knock-out of nucleons, which 
occurs when the nuclei are bombarded by ener- 
getic (> 50 Mev) protons. 

It is seen from the table that the cross sections 
for the reactions leading to the formation of p 
active nuclei are small and amount to less than 
10-* times the cross section for compound nucleus 
formation (d¢ © 100 cm’). This is due to the 
fact that the probability for the evaporation of a 
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neutron from a nucleus sufficiently close to a p 
unstable nucleus is considerably smaller than the 
probability for the emission of a proton or in some 
cases even of an a particle (the binding energy 
of the neutron in these nuclei is considerably 
larger then the binding energy of the proton or the 
qa particle). 

The considerations of this paper are based on 
estimates with no pretense to quantitative accuracy. 
It seems to us, however, that our results must be 
considered in the planning of experiments on the 
production of p active nuclei. 

In conclusion the authors express their gratitude 
to Prof. G. N. Flerov for proposing the problem 
and discussion of the results. 
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The ratio of the probabilities for 47 capture by the O' nucleus with formation of N" in the 
0” and 1” states is calculated. It is found to be strongly dependent on the effective pseudo- 
scalar constant and can be used for its measurement. 


1. INTRODUCTION 


Because of the strong interaction of pions and 
nucleons, the constants of weak four fermion inter- 
action Cy(q’) and Ca (q?) are functions of the 
transferred momentum q = Pp — Pn (Pp and pn 
are the momenta of the proton and the neutron). 
In this case the matrix elements are shown to be 
dependent on two other quantities: the weak mag- 
netism constant 
D(q’)= 


oo Cr), 

where Lp and wy are the anomalous magnetic 
moments of the proton and neutron (in nuclear 
magnetons ), M is the mass of the nucleon (fh =c 
= 1), and the effective pseudoscalar interaction 
constant Cp (q? Ne Cp (q?) cannot be calculated 
theoretically — there exist only estimates based 
on unreliable postulates. According to these.esti- 
mates, the following relations hold for the capture 
of » mesons by free protons (q?/m?, = 0.5, mq 
is the pion mass):!” 


(1) 


Chee 8G... Cp =Cp (0, 5), C4 =C, (0). (2) 


By using isotopic invariance and data on the 
electric form factor of the proton, the quantity 
Cy (0.5) = ch can be expressed in terms of the 
vector constant of 6 decay:? 


From the estimate of Goldberger and Treiman, ! 


Cx=C, (0.8). (4) 


The relations (1) and (3) are indubitable in the 
scheme of universal interaction (with accuracy up 
to electromagnetic corrections ), and the closeness 
of the constants C4 and Ca [as expressed by 
Eq. (4)] is very probable if we keep in mind the re- 
lation (3) for the vector constants. 

The least trivial is Eq. (2), which demonstrates 
the large value of the effective pseudoscalar con- 


CA = 0.999Cz, 


stant in processes of muon interaction with nucleons. 


At the present time, the most definite informa- 
tion on the constants of weak muon-nucleon inter- 
action is obtained from a comparison of experimen- 
tal data on the probability of the reaction 

oy + C1 ore Be + \ (5) 
with theoretical calculations.’ These results do 
not contradict the relations (1) — (4), but they are 
shown to be little sensitive to the absolute value 
and sign of Ch: upon change in CK, from — 8CA 
to + 8CA, the probability of process (5) changes in 
all by a factor of 1.6 to 1.7 [the pseudoscalar term 
gives approximately 30 per cent contribution to the 
probability of reaction (5) ]. Inasmuch as the ex- 
perimental data of various authors differ in some 
cases by as much as a factor of 1.5 (accurate to 
5 — 25 percent, as given by the authors themselves, 
see references 3—5), the information currently 
available on the value of C4, is insufficient for 
verification of the relation (2). 

It is shown in this research that the measure- 
ment of the relative probability of capture of u™ 
mesons by the O* nucleus with the formation of 
N!® in the 0” and 1° states can be employed for 
the determination of Ch. It is demonstrated that 
the ratio of the capture probabilities for these 
levels changes by a factor of about six in the 
change of the constant ch from —8CA to + 8Cag. 
Such a large change in this ratio is due to the im- 
portant role of the pseudoscalar interaction in the 
transition 0* (01%) — 07 (N'®). 

The ratio of the capture probabilities for the 07 
and 1~ levels can be determined experimentally by 
measurement of the relative intensities of y ra- 
diation corresponding to the radiative transition 
17 — 0° (272 kev) of the N’ nucleus, or the 
transitions 17 — 2” (392 kev) and 0 — 27 
(120 kev) of the same nucleus. 


2. EXCITED STATES OF THE N'® NUCLEUS 


The structure of the ground state of the nié 
nucleus, which has spin and parity 2°, is charac- 
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terized by one unfilled place in the proton shell 
Ip,j2 and by one neutron in the state 1d;,. This 
same configuration (lp;7 )p (1d5,2 Jn exists in 
the excited state 3” (with excitation energy 285 
kev). The excited states 0° and 1” are charac- 
terized by the configurations (lp4/2 \p (28172 ae 
Evidently the so-called intermediate coupling in 
the addition of angular momenta exists in light 
nuclei. 

In our case, however, the wave functions of the 
0” and 1° states are close to the wave functions 
in the jj coupling scheme (for the 0° state, this 
agreement is exact): 


e ‘77 oa 
<0 kes a "aan py, > tp? 2, +1, 
—Klpgt, 4] Cash, + et ; (6) 
+3 1 1 1 1 
Cire BC te mm $s a 
x Clips, mM |p CRE Meg es (7) 


The wave function of the ground state of o!® can 
be taken in the form 


ee er ae |, 
—C lpg [Clee +2I,)- ) 


The radial parts of the wave functions (6) and 
(7) should differ little from one another because of 
the small difference in the energies of the 0 and 
1” levels (in the absence of interaction between 
the neutron and the hole, the 0 and 1° levels 
would be degenerate). This circumstance also 
makes it possible to compute the ratio of proba- 
bilities of capture to the levels 0” and 1” without 
having recourse to the details of the potential of 
the single particle model, since the radial parts of 
the matrix elements of the transitions 0* (0!) 

— 0° (N!®) and 0* (0!%) —~ 17 (N18) are identical 
and do not enter into the final result. 


3. RESULTS OF THE CALCULATION 


The formulas given below were obtained in an 
approximation in which the relativistic corrections 
to the wave functions of the nucleons were taken to 
be first order in V/M(V = 94.5 Mev is the energy 
of the neutron emitted in the process) the same 
as in the work of Fujii and Primakoff.? The pro- 
bability of u~ meson capture from the K orbit of 
the # mesonic nucleus i with formation of the 
nucleus f is given by the formula: 
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Ch v2 


Wis = 3 Mis, (9) 


272 
where ay is the radius of the K orbit of the 
u-mesic atom and Mif has the following form for 
transitions to the final states 0” and 1” of the 
N!® nucleus: 


Moto- = 2U + x(1 —p) PL’, (10) 
Mone Le an) + 2(1 — Rpx)?] 1’. (11) 


Here 
R= —Cy/Ch = 0.78 - 0,02, o = Ce/Ca, 
% = Vj/2M = 9,03-10; = 1 +, — Un = 9,/, 


i! Pdr js (or) Res, (1) Rip, (0): 


Thus we oe for the ratio @ = Wo+)-/Wo+4- 
o. = 0,29 (1,05 —0,050)*. (12) 


For p = +8, —8 and 0, the value of a is equal, 
respectively, to 0.12, 0.59 and 0.32. Such a de- 
pendence of a on p makes it possible to deter- 
mine the sign and order of magnitude of p from 
the proposed experiment even if the true a differs 
from (12), because of the inaccuracy of the model 
(jj coupling, single particle approximation, etc), 
by a factor of 1.5—2, which is of slight probability. 

One can estimate the absolute probability of 
capture by using calculations of the radial matrix 
elements.® A value of the order of 5 x 10°/sec is 
obtained for the total absolute probability of cap- 
ture with excitation of the 1” and 0 levels, which 
agrees approximately with the probability of the 
well-observed process (5). We note that the forma- 
tion of the N‘® nucleus in the 27 state will take 
place with a probability of the same order as for 
the excitation of the 0” and 1” levels. Capture 
with excitation of the 3” level is virtually excluded. 

The authors express their debt to A. I. Alikhanov, 
M. Ya. Balats, and L. G. Landsberg for interesting 
discussions of possible experiments. 
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The contribution to the electromagnetic interaction caused by the weak interaction of particles 
is examined. In some cases the order of this contribution in the weak-interaction constant is 
different in the theory of the direct four-fermion interaction and in the theory with an inter- 
mediate vector boson. Estimates are given for the magnetic-moment correction and for the 
parity nonconservation of the “‘anapole’”’ interaction of particles with the electromagnetic 
field. Expressions are given for the scattering of neutrinos in the Coulomb field of a nu- 
cleus, and the polarization of recoil protons from the scattering of electrons is examined. 
The possibility of the existence of weak neutral currents is considered, and the influence of 
such currents on the scattering of electrons by protons and on atomic effects is discussed. 


1. INTRODUCTION 


eS effects indicated in the abstract are undoubt- 


edly small in absolute magnitude. It seems justi- 
fied, however, to examine them now, since the re- 
cent discovery of parity nonconservation and the 
establishment of the universal V-A interaction!” 
provide a firm basis for the discussion. 

On the experimental side the study of the con- 
tribution of the weak interaction to electromag- 
netic properties (EMP) is not hopeless, despite 
the smallness of the effects. In the case of the 
neutrino all the EMP depend entirely on the weak 
interaction,* and the scattering of neutrinos by 
nuclei with large Z (with cross section of the or- 
der of 10742 cm?) is entirely caused by the EMP 
of the neutrino. In the cases of the electron and 
the » meson the EMP that do not depend on the 
weak interaction can in principle be calculated 
with great precision in local electrodynamics. * 
Therefore diviations of the EMP from those cal- 
culated for e and yp can arise from two causes: 
from violations of the laws of electrodynamics at 
small distances and from the weak interaction.**4 
In studying the problem of the limits of applicabil- 
ity of electrodynamics it is necessary to include 
possible effects of EMP arising from the weak 
interactions. 


*The problem of the EMP of the neutrino in the two-com- 
ponent theory was first considered by L. B. Okun’; for com- 
pleteness, this problem is included in the present paper. 

tThe limit of accuracy here is not due to the divergence 
of the perturbation-theory series of electrodynamics, but ap- 
pears much earlier — when the strongly interacting particles 
participate in the vacuum polarization. 


For strongly interacting particles, in particular 
for baryons, a quantitative theory does not exist, 
so that there is no problem of corrections. In the 
case of e and yu, however, just as in the case of 
the baryons, owing to parity nonconservation the 
weak interactions give specific EMP, which can 
be detected against the background of the interac- 
tions that are strong but conserve parity. In the 
nonrelativistic limit one such EMP of particles 
with spin is the anapole moment,® which gives an 
effective interaction energy o curl H=o-j, where 
o is the spin of the particle, H is the magnetic 
field, and j is the external current that produces 
the magnetic field. 

In Sec. 2 of the present paper we examine the 
diagrams that contribute to the EMP and deter- 
mine their orders in the weak-interaction con- 
stant in the various cases. Two types of theory 
are considered: that with a four-fermion interac- 
tion, and that with an intermediate heavy charged 
X boson; in some cases the introduction of the X 
boson lowers the order in g, i.e., increases the 


effect. 
In Sec. 3 we consider the general features of 


the EMP that result from the Lorentz and gauge 
invariances of the theory, from Ward’s identity, 
and also from the theory of the universal weak 
interaction and the two-component neutrino. 

In Sec. 4 we examine the order of divergence 
of the integrals involved and give numerical esti- 
mates of the quantities that characterize the EMP 
of particles. Here for baryons we can assume 
that the strong interactions cut off the weak inter- 
actions already at momenta of the order of Mp, 
the mass of the nucleon. 
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In Sec. 5 we consider the experimentally ob- 
servable effects in the scattering of particles, in 
particular the polarization of particles in the plane 
of the scattering, which depends on parity noncon- 
servation. We discuss the scattering of neutrinos 
by nuclei, and also the effects of the new EMP in 
atomic physics. 

Finally, in Sec. 6 we consider the question of a 
possible change of the initial assumptions about 
the weak interactions through the addition of a 
product of neutral currents to the usual product of 
charged currents. We examine the conditions 
under which the added term does not lead to decays 
that are not observed experimentally, and also the 
effects that are produced in the scattering of elec- 
trons by protons and in atomic physics. 


2. THE DIAGRAMS 


The neutrino. Introducing in the Lagrangian 
only those four-fermion terms that are necessary 
for the description of the experimentally observed 
processes of uw decay, uw capture, and 8 processes, 
we find that the only diagrams are those of the 
types shown in Fig. 1. In such a diagram two par- 
ticles (say A and B) out of three (A, B, C) are 
charged, and the line for an electromagnetic quan- 
tum can be joined to either of the two lines. The 
particles A, B, C canbe yp, e, v or p, e, n. 
The diagram is of the order eg?. 
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If, however, we write the interaction as the 
product of two weak currents, then the theory pre- 
dicts the scattering of a neutrino by an electron in 
first order in g. Corresponding to this there is a 
diagram of order eg in the electromagnetic inter- 
action (Fig. 2). 

The introduction of the X boson does not change 
the order of the diagram. The diagrams with the 
X boson are shown in Fig. 3, a, b. They are of 
the order eg}, but gy /M. *g, so that the dia- 
grams of Figs. 2 and 3 are of the same order. 

The leptons e and wp. The essential point for 
e and yp is that even in the formulation as a prod- 
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uct of currents the four-fermion interaction gives 
the diagrams of Fig. 4, of order eg’. Here the 
introduction of the X boson radically changes the 
situation, and gives diagrams of the type of Fig. 5, 
of order egy /My ~ eg. 


e 
# 
is A moe 


FIG. 4 FIG. 5 


The baryons. The situation for the neutron 
would be the same as that for the neutrino, and 
that for the proton the same as for the electron 
and the » meson, if it were not for the strong in- 
teraction. The difference between the two cases 
is that owing to the strong interactions the neutron 
can interact with the electromagnetic field, whereas 
the neutrino cannot (see the diagram of Fig. 6). 
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3. THE GENERAL EMP DEPENDING ON THE 
WEAK INTERACTION 


For brevity we shall denote the projection op- 
erators that convert four-component wave func- 
tions into two-component functions by the following 
symbols: 

(1+ %5)/2 =n, 


jee 


(1 —%5)/2 =A, 
Wh dt a1, (3.1) 


According to the hypothesis of Gell-Mann and 
Feynman, which has had excellent experimental 
confirmation, the weak interaction for a given type 
of particle always involves the same two-compo- 
nent wave function, for example 7m). Therefore in 
all diagrams of the types of Figs. 1—5, in which 
the external lines are those of the quantum and of 
the same particle present initially and finally, the 
matrix element contains m) and ja. 

Diagrams of the types of Figs. 1—5 give ma- 
trix elements of the form 


1 ==; 
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2epiha.ls (Pr, Pas 4) MPa, (3.2) 


where in addition to the momenta indicated the 

quantity Tu contains also Dirac matrices. Owing 

to the relations pj = p} = — m’, p, — p,=q, the 

only independent scalar quantity is q? = — 2(m? 

+ pyp2). Let us introduce the notation p = Py + Po. 
It follows from Lorentz and CP invariance that 


aul, = af (q*) — (aq) gg (9°) — (ap) ph (q?) 

— (44p — pqa)k (q); (3.3) 
in particular, CP invariance excludes terms of 
the forms (ap)q and (aq)p, the first of which 
would give an electric dipole moment. The ano- 
malous magnetic moment is usually taken to be 
the coefficient of (aq — qa). 

Since terms of the types audu OF audyYpYv 
with an even number of factors yq placed between 
the projection operators give zero, it seems’ at 
first glance that the anomalous magnetic moment 
arising from the weak interaction is zero. Be- 


cause of the terms of types (ap)p and (apq — qpa), 


however, even the simplest diagrams of the types 
of Figs. 1 — 5 contribute to the anomalous mag- 


netic moment. 
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There remain to be considered diagrams of the 
types shown in Fig. 7, where the shaded circle is 
a self-energy part (contribution 2), which is ob- 
tained from a diagram of the type of Figs. 1—5 
by omitting the photon line. It is obvious that as 
a whole a diagram of the type of Fig. 7 gives a 
contribution of the form 


e [piAX(p1) % (ip, + m)tarp, 
+ tpi (ip, + m)* AE (pe) mp]. 
Let us write 
AE (p1) 1 (iPr +m) = F, (pr), 
(ipa -+ m)1NE(p2) = = Fe (p2)- 


(3.4) 


Since F,(p;,) does not depend on the momentum 
Dp», when acting on J, from the right the operator 
F, can give only a quantity Fy — y5Fio which is 
independent of the momentum. When the operator 
F,(p,) acts from the left on #,. we get a quantity 
+ yr F bo. 
ae get the contribution of the ‘‘ends”’ in 
the form 


e [pa Geto 5F 10) Po + ‘pia (Paar sF 20) p.]. (3.5) 


Combining this with the main diagram and using 
the Dirac equation, we bring the expression into 
the form 
M = [Fro + Foo + f(g?) + 4h (q?) — 2q°h (q?)] Pr ars 
+ [h(q?) + 2k (q?)] imi}, (G4 — 4G) po 
ae [Fro = ES 11 (G 297k (9?) tar she 
— [g (9°) — 2k (q?)] (aq))19 52. 


According to Ward’s theorem virtual processes 
of the type under consideration do not lead to a 
charge renormalization. Therefore the coefficient 
of ~,4~, must vanish for the value q = 0. Conse- 
quently the expansion of this coefficient in powers 
of he must begin with a term proportional to ay 


[Fio + Foo + f (9?) + 4m?h (q?) — 2q?k (q?)] = 9°b (9°), 


b (0) 50. 

The second term in Eq. (3.6) diverges logarith- 
mically and gives the contribution from the weak 
interaction to the anomalous magnetic moments of 
the electron and 4 meson. If we assume that the 
logarithmically divergent integral is of the order 
of unity, then the correction to the anomalous mag- 
netic moment is ~ 10°°m’u/M2, (in the theory 
with the X meson), whereas the correction to the 
magnetic moment from the electromagnetic inter- 
action* is am’u/A?* if we break off at momenta 

~ A; here pw is the Dirac magnetic moment of the 
particle. 

Thus if in determining the limits of applicability 
of quantum electrodynamics by measuring the mag- 
netic moments of the electron® and meson‘ one 
should find a discrepancy between theory and ex- 
periment of the order of 10-5m2u/M3%, this differ- 
ence can come from the weak interaction (if there 
is an X meson), and consequently is not a proof 
of a change of the electromagnetic interaction at 
momenta exceeding A = (a/107°)!Mpy & 30 Mp. 

The third and fourth terms of the matrix ele- 
ment M, which contain ys5, are characteristic of 
a theory with parity nonconservation; by the con- 
dition of gauge invariance they must combine into 
an expression 


(3.6) 


c (g?) px (aq? — (a9)9) Ys'Pa- (3.7) 
From this it follows that 

[Fio + Fao + F (gq?) — 24° (9?) = Fe(q?),  ¢(0) 00. 
Substituting q = py — Pg, we can write the expres- 
sion (3.7) in the form 


© (4?) tp (q2a — (aq) 2im) Ys%2- (3.8) 


*An error in the formula for 5p in reference 3 is corrected 


in a later paper.‘ 
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It is easy to verify that the term (3.7) does not 
give any interaction with free photons, for which 
q? = 0, and that we can choose a gauge with (aq) 
= 0. 

The combination of terms (3.7) can be rewritten 
in the form 


c(q°) iY pYs Ps [q?ay, — aqvqul 
2 Pa, a, 
== —c(q ) Prtestpe fas ax 2 ears 


= €(g2) Wi p%sP20F wv /Oxy. (3.9) 


From the equations of electrodynamics we have 

d Fup /dxXy = jy, where j,, is the external current 
that produces the field Fy). If the external cur- 
rent is that of a fermion with charge e and wave 
function &, then in a transition of this fermion to 
a state 1 from a state 2 we have j,, = ief;y,52, so 
that 


M = iec(q’) piTeYsPs (Srey, (3.10) 


where all the wave functions are taken at the same 
space-time point (a subsequent integration over 
d‘x is understood, to get the transition probability ). 

For small momentum transfer in a coordinate 
system in which our particle (with the wave func- 
tion w~) is at rest, 


PiVaTsP2 — 0, PiYTsth2 ore Piste, 


and in the limit the interaction becomes 
iec (0) p,6%p,j = dec (0)p orp, curl H. 


Thus the EMP that does not conserve parity is 
indeed an anapole interaction.» The name pseudo- 
charge (see the paper by Bander and Feinberg) 
seems less appropriate. 


4, PERTURBATION-THEORY CALCULATION OF 
THE INTERACTION 


For a neutral particle (neutrino) the diagram 
of Fig. 2 gives a contribution of the order eg even 
if there is no X boson.* Writing the interaction 


(g/V 2) Wervu(l + Ys) porpory (1 + 15) the (4.1). 
in the form 
(g/V 2 )rpe¥u(1 +%s) be Pru(1+%5) tp, (4.2) 


we get the matrix element 


*A, M. Brodskii has kindly made available to us a manu- 
script of a paper’ which deals with the EMP of the neutrino 
that correspond to the diagram of Fig. 2. 
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My = FE ty (1+ 1) 
ie De ase ee are 
x \Sp | re( Oe ae ee 


(4.3) 


In the square brackets in the integrand the matrix 
(1 +5) can be replaced by unity, since after the 
integration over d*k the number of matrices Yu 
remaining in the brackets is less than four, and 


Sp 5 = SP %e%s = SP Ye tvls = SP Vp Ivars = 0. 


The part that is left is Kypap, where Kyp is the 
well known vacuum-polarization tensor (cf. e. g., 
reference 8): 


Try = KSyv a5 (q°6ny — Jv) €(q*). 


Since the neutrino has no charge, we drop the 
quadratically diverging integral Ko, which is in- 
dependent of q. The remaining part is gauge in- 
variant and diverges logarithmically. We get 


Mz = egc (q?) (q?uv — Ju9v) Pop (1 + Ys) Prdv; 


2 = 
2 <i, 


2g?) = s(n +), 


C2 (q?) ~ 0.7. 


Here the numerical estimates are given for 
L ~ 30Mpy; in the second case, q? > m3, we have 
taken q © Mp. 

In the case in which there is an X boson we 
must calculate the two diagrams of Fig. 3a and 3b. 
For the same reasons as before we drop the quad- 
ratically diverging integrals, which leaves logar- 


ithmic divergences. The calculation gives 


gx 1 me — 
Mga = mz, Ba ya We (+ Ts) Pv (GS uv — Ine) Oy, 

x Mx 
Con(0)— 14 

Bete iy = 
Moy = 13a Gq IN Pa~ Wore (1 + 5) Bo (GS — 904) 
C3p(0) ~ 1 (4.5) 
for 

gime<1, = In(L?/Mk)~1,  L~30M,. 


We note that these expressions are only esti- 
mates, for the following reason. Because of the 
strong (quadratic) divergence of the diagrams in 
the theory with the vector meson we get a logarith- 
mically divergent result which depends on the 
designations of the momenta in the diagram. For 
example, diagram 3c can be obtained from diagram 
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3b by replacing the momentum k over which one 
integrates by k + p/2, and when this is done and 
we cut off with respect to k we get additional 
terms ~ In (LM). For the same reason the 
usual proof of the Ward identity and the gauge in- 
variance does not go through. (In the theory with 
logarithmic divergences when we replace the mo- 
mentum variable of integration k by k + p/2 we 
get* an error ~ Mooi Le.) We note further that 
such diagrams do not reduce to local diagrams for 
Mx —~ ~, since one takes the integration over the 
momentum of the virtual meson to values L that 
must be much larger than My, in order for the 
value obtained to have only a weak dependence on 
the cut-off momentum. In view of all that has been 
said, we do not give expressions for the c’s as 
functions of q?. We have 


gx /Mk~ g = 10° M,”. 


If the particles are charged, the effects will be 
of first order in g only if there is a charged vec- 
tor meson, when they are given by the diagram of 
Fig. 5. The calculation from this diagram gives 
the coefficient c3, = 1 in the formula (4.5). 


5. THE EXPERIMENTAL EFFECTS 


We have established that a particle can have an 
anapole moment. In the case in which a charged 
vector meson exists, when charged particles are 
scattered by protons there can be interference be- 
tween the Coulomb and anapole interactions, owing 
to which there are effects of first order in g.? In 
this case g = g% /MX, that is, g must be a posi- 
tive quantity. A negative value of g obtained ex- 
perimentally will mean that the hypothesis of the 
intermediate vector meson is untrue. For the 
case of interference of scatterings from nuclear 
and weak interference this idea has been put for- 
ward by Smorodinskii and Fradkin (cf. reference 
10) (measurement of the longitudinal polarization 
from scattering at angle 0°). ' 

Let us consider the scattering of an electron 
with an anapole moment by a proton. 
ing of electrons by protons that have an anapole 
moment is of less interest, since protons and neu- 
trons must have relatively small anapole mo- 
ments.{) The matrix element for the scattering 
is of the form 

*Similar unpleasantnesses are encountered in the calcula- 
tion of other effects associated with the existence of the X 
meson, for example in the decay p + e + y- One does not see 
how one can get an unambiguous value of the quantity we need. 

tJust as this paper was finished there appeared a preprint 
by Bander and Feinberg, in which detailed formulas are ob- 
tained for the scattering of electrons by protons with anapole 


and dipole moments. 


(The scatter- 
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X Pp the |— set $e(@") Tp» (1 + 2)] Pe- (5.1) 


Here we have omitted the radiative corrections to 
the electron current, which, though indeed larger 
than the anapole effects, conserve parity. 

The calculations of the cross section and the 
polarization are analogous to the calculations in 
the paper by Akhiezer, Rozentsveig, and Shmush- 
kevich.!! The electron is treated relativistically. 
It turns out that the cross section does not depend 
on the polarization of the electrons,* and thus 
there is no polarization of the electrons in the final 
state. Therefore we might be able to observe the 
following effects: 

1) When an unpolarized electron beam is scat- 
tered by unpolarized protons there is a polariza- 
tion of the recoil protons. 

2) The cross section depends on the polariza- 
tion of the target protons. 

Experimentally one can measure the scattering 
cross sections for protons polarized parallel and 
antiparallel to the momentum of the incident elec- 
trons. These cross sections should be different. 
With transverse polarization of the protons the 
probability of scattering in the plane that contains 
the momentum k of the incident electron and the 
polarization of the target proton is different for 
scattering angles 9 and —@ relative to the mo- 
mentum k. When an unpolarized electron beam 
acts on unpolarized protons one gets different 
probabilities for scattering of the recoil protons, 
in the plane containing the momentum p’ of the 
recoil proton and the vector k x k’, through the 
angles ¥ and — ¥ relative to the vector p’. An 
interaction that conserves parity does not give 
such effects. 

We present the formula for the cross section 
for scattering of electrons with an anapole moment 
by polarized protons: 

6 = 6 (1 + a0) + BC1), 
16p? sin?(® 2) tan? (0/2)A + B 
(pF 2)? e 


A (p? + pE cos? (9/2)) + Bp® sin? (6/2) 
X Ae Bip? sin? (0/2) + 2(A+ By p® (p+ LE) sin? (0/2)tan? (8/2) 


% = ge 


16p? sin? (Q/2)tan? (6/2) A+B 
(p + £)? 2e2 
[A — Bp (p + E)lpsin® 
X Faq Bip? sin® (02) + 2(A + B® p? (p+ E)-* sin® (8 /2)tan? (8/2) 
(5.2) 


B= ge 


f 


*We are referring throughout to the polarization in the 
plane of the scattering, which is specific for the case of parity 


nonconservation. 
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since c ~ 0.01, for p ~ My and @ ~ 7/2 we have 
a ~ 107 and B~ 107°. Here A is the form factor 
of the charge, B is the form factor of the magnetic 
moment, p and E are the momentum and energy 
of the proton in the center-of-mass system, @ is 
the scattering angle, ¢) is the component of the 
polarization parallel to the momentum of the inci- 
dent proton, and ¢,; is the component of the polari- 
zation perpendicular to the momentum of the inci- 
dent proton and in the plane of the scattering. 

For the neutrino there are no interference ef- 
fects, but on account of the electromagnetic inter- 
action a neutrino can be scattered by a proton or 
by a heavy nucleus.* The matrix element for this 
case can be written in the form 


M = fp [Ar, +E iBM> (Yu — G%p)] PoP (1 + Ys) Pv. 
(5.3) 
The scattering cross section in the center-of-mass 
system is of the form 
5 = E pt { (A+ Bep*x] (1 — 2) +2 (A+ BY (Soe) 24. 
(5.4) 
Here the energy is in units My, 2 — 4p*x is the 
momentum transferred, p is the momentum of the 
proton, and E is the energy of the proton. 

To find the total cross section we must inte- 
grate the differential cross section, taking the 
form factors into account. Choosing the form fac- 
tors in the form exp [ — riq?/6 ee we get* 


a) je al 3 1 
oy ne 4% (Y) a oO B rae (y)| 


+2(A + BP (P=) ha (ys 
Eg = ye (ee), 
ha (y) = (1+ e-#) — (1 —e), 
hs (y) = y" [2 —(2 + 2y + y?)e~4], 


where y = 2p’r2/3, and rp = 0.8 x 10°'8 em; for 
p ~ 300 Mev, f= ages, cp ~ 1 we have o 
-l0n cm, 

For the scattering of neutrinos by heavy nuclei 
the cross section is proportional to Z*, but for 
this the wavelength of the neutrino must be smaller 
than the nuclear radius R= bA!*, b x 1.2 
x 1078 em. The maximum momentum transfer is 
~1/R*x (My /6) A“, and the kinetic energy is 
~ (My/72) A>”. If € is the minimum kinetic en- 
ergy at which a recoil nucleus can be observed, 


(5.5) 


*As was already mentioned in the Introduction, the scatter- 
ing of neutrinos has been considered by L. B. Okun’. 

*We note that the distribution of the recoil nuclei differs 
from the distribution for the scattering of electrons by nuclei 
only by the factor q’. 
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then we can take a nucleus of atomic number 
Nes (72¢/M,) 2. For A=1 the maximum recoil 
energy at which the recoil nucleus interacts as a 
whole with the neutrino is E ~ 13 Mev; for A = 10 
we get E © 0.25 Mev, and for A= 100, E = 6.4 kev. 
Effects of parity nonconservation in an atom are 
very small. Just as in references 13 —15, which 
were concerned with a dipole moment, on our as- 
sumptions also the matrix element for the transi- 
tion 2S; —2P,/, on account of the anomalous in- 
teraction is 


Vosop aw hOmaz (me/Mn)? atom. units 


The shifts of the 2S;/. and 2P,/. levels are negli- 
gible. The admixture of the 2P,/. state in the 2S;/» 
state is B ~ 10~*. The lifetime of the 2S,/. state 
is decreased by a fraction 8? (T.3-49/T:P-18) 
~ 107° of its value, and it is impossible to meas- 
ure such a change experimentally. 

We note, however, that the transition 2S; /, 
— 1S;/. with lifetime 1/7 sec is a two-quantum 
transition, whereas 28;/. + BP;/. ~ 18;/ is a one- 
quantum transition. Therefore the lifetime corre- 
sponding to this transition, equal to about 107° sec, 
is to be compared not with the lifetime of the two- 
quantum transition, but with that of the one-quan- 
tum magnetic-dipole transition, which is 
2x 10° sec (cf., e. g., reference 16). 


6. NEUTRAL CURRENTS 


The effects arising from neutral currents have 
been briefly considered in reference 9. In the 
theory of the universal weak interaction the inter- 
action Hamiltonian is written in the form 


Eat = lds 


Ly = er, (1 + %5)¥ + py, (1 +45) ¥, (6.1) 


where L,, is the lepton current, By, is the current 
of strongly interacting particles that conserves 
strangeness, and S, is the current of strongly in- 
teracting particles with equal changes of charge 
and strangeness AQ = AS. 

Let us consider the part By of the current. 
From By, and Bu we can construct the quantities 


Bi =(Be + B,)/V 2, 


BY B, = BLBL + B2B?. 


Bi (Be By 


Bu and Bi, transform like projections along the 
first and second axes in the isotopic space. Such 
an interaction is not isotopically invariant, and be- 
comes invariant when one adds the product of the 
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neutral currents. The question arises, can we 
Supplement each of the currents with a neutral 


component? On doing so, we get new terms of the 
forms 


POE BD BeS*S?) L°S*. 6eS°, LB, 


and furthermore we introduce two isotopic doublets 


eee 


with different neutrinos. !7)18>21 

The terms LL” then give an interaction that 
causes parity nonconservation in positronium and 
muonium, and also some other less interesting ef- 
fects. Furthermore processes of the types 


w=—>et+ yx, w+ —>e= + et = e— 


will be forbidden in arbitrary order in g. 

The terms of types B’B® and S°S° in the inter- 
action also do not lead to any new effects that 
would be in contradiction with the experimental 
data known at present. L°S° gives decays of the 
type K’ — e* +e infirst order in g, which have 
not been observed, and we require that Ls? = OF 
from which we have either L® = 0 or S°=0. The 
case S° = 0 has been considered by one of the 
writers,’ and the case L’ = 0, by Treiman.!® In 
this case S° is constructed in such a way that the 
rules AQ = AS and |AT| = ‘4% will hold in nonlep- 
tonic decays of strange particles given by the 
terms B'S’, 

The interaction B°L’ leads to mixing of the 
28;/, and 2P;,, levels owing to parity -nonconserv- 
ing interactions between electron and proton and 
between electron and neutron.* Since such an in- 
teraction is 137 times as strong as that considered 
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in the preceding section, the probabilities of the 
one-quantum transition 25; /, ~ 18; on account of 
the magnetic-dipole interaction and on account of 
the parity-nonconserving weak interaction are com- 
parable, and therefore the experimental probability 
of the one-quantum transition should be appreciably 
larger than the theoretical probability obtained by 
taking into account only the magnetic interaction. 

This same interaction term gives the decays 
nm’ — et +e” and 5°— A°+e* +e7, but these 
same decays can occur through the strong and 
electromagnetic interactions with larger probabil- 
ities than through the weak interaction L°B°. 

We present the formulas for the scattering of 
electrons by protons in the case of the existence of 
neutral currents. Taking into account the form 
factors of the heavy particles that exist on account 
of the strong interactions,?° we have 


es , iB x K ; =a 
M=— o Wp 4% ie ‘aM, (Yung re) | WoWelpWe 


B ie Py [ata + 1 (1nd — Gn) + Ctets 


ln dqutsl Pp PeTp (1 aa Ys) We, 


where A and B are the usual form factors of 
Hofstadter! and a, b, c, d are the formfactors of 
Goldberger and Treiman.”? 

The scattering cross sections for longitudinally 
polarized (right and left handed) electrons are 
different: 


ds/dQ = (ds/dQ), 


(6.2) 


for right-handed electrons 


do/dQ = (1 +h) (ds/dQ)> for left-handed electrons (6.3) 
where (do/dQ )» is the cross section for the scat- 


tering of unpolarized electrons and 


gry aA + 3/4 q? {2 (a + 6) HA + B)tan? (8/2) + 2c (A + B) [t/e + (1 -+1/e)tan%(6/2)] + 6B} 


= S 
V 2e2 


A= 10° for ¢=21/2, €= Mp. 


A? + 1/4q?[2(A + B)*tarP(6,2) + B?) 


Here q? = 4e sin? (6/2)/[1+ 2€ sin?(6/2)], and € is the energy of the electron in units Mp. All 


quantities are taken in the laboratory system. 


The polarization of the recoil protons in the plane of the scattering and perpendicular to the 


recoil momentum is given by 


Pp g 8cot? Osind che + Hag? (a(A+ B) + (a+ 6—0) A —eBe— [0 (A + B) + (at b— 9 BIG) (6.4) 
a CE A® + 1/4 q? (2 (A + B) (e + 1) *cot? 8 + B?) 
For 3= 1/4, €=Mpy we have P, * 10°. be 
The longitudinal polarization of the recoil protons is given by 
g  8cot? bcos # (a-+b)(A+B)@/2q2[r(2e-+1)—1/2g?7]—2e) +c(A + Bi —r[e(2e-+1)—e9? + 94/4) +e(2e—G?/2)} : (6.5) 


Pl= Wie G+ DEH 


For 3 =0, €® Mp we have Py ~ 10°. 


A? + 1/4 q? (2 (A + B)? (+1) *cot? & + B*) 


We take occasion to express our gratitude to A. M. Brodskii, G. M. Gandel’man, B. L. Ioffe, 
L. B. Okun’, and K. A. Ter-Martirosyan for helpful discussions. 


+ . 
*The signs of the interactions with proton and neutron are opposite; 


the effect should exist in hydrogen and not in deuterium. 
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A theory is developed for spin-lattice relaxation of local electron centers in non-metallic crys- 
tals in strong magnetic fields. Hyperfine contact interaction between the localized electron and 
the nuclei on the lattice is considered as the relaxation mechanism. The general theory is de- 
veloped in greater detail for crystals in which the wave function of the localized electron may 
be written in the atomic-orbital approximation. As an example, the F center ina KCl-type 
crystal is discussed. A numerical calculation carried out for a KCl crystal yields a paramag- 
netic relaxation time of the order of several minutes at T = 4°K and H ® 3000 oersteds. 


1. INTRODUCTION 


ls was considered in the fundamental paper of 
Waller‘ that spin-lattice relaxation in strong 
magnetic fields is due to the change in the inter- 
atomic distances resulting from the thermal 
lattice vibrations. These vibrations modulate 
the dipole-dipole interaction of the magnetic mo- 
ments located at the lattice points. Thus, proc- 
esses of reorientation of the magnetic moment of 
a particle become possible, being accompanied by 
a simultaneous change in the occupation numbers 
of the lattice oscillators. At sufficiently low tem- 
peratures, the direct process plays the funda- 
mental role; here the change in orientation of the 
spin in the external magnetic field is accompanied 
by the emission (or absorption) of a single pho- 
non of frequency v = guH/h. Here, g is the Lande 
factor, is the magnetic moment, and H is the 
intensity of the external magnetic field. At high 
temperatures, the fundamental role is played by 
Raman scattering of phonons. In this process, 
upon reorientation of the magnetic moment, the 
number of phonons of frequency 7; is increased 
(or decreased ) by unity, while the number of 
phonons of frequency Vv, is correspondingly de- 
creased (or increased) by unity. Then we must 
have: vy — ¥2 =+guH/h. At a sufficiently high 
temperature, the Raman scattering may play a 
more essential role than the direct effect. 
However, while the mechanism discussed by 
Waller reveals many characteristic features of 
spin-lattice relaxation, it is often not effective 
(see, e.g., reference 2). This refers, in par- 


ticular, to the paramagnetic relaxation of local 
electron centers (LEC) in non-metallic crys- 
tals. The concentrations of the LEC ordinarily 
have values such that the dipole-dipole interaction 
between the spins of the localized electrons are 
small in comparison with the hyperfine interaction 
of the electron with the magnetic moments of the 
nearest nuclei. 

In turn, the hyperfine interaction of the elec- 
tron with the magnetic moment of the nucleus may 
be written as the sum of the Fermi (contact) and 
dipole-dipole interactions. Experiments on para- 
magnetic and double spin resonance® have shown 
that in many LEC (e.g., F centers), the contact 
interaction is considerably greater than the dipole 
interaction. For these same LEC, it is reason- 
able to consider the dipole-dipole interaction of 
the nuclei with the electrons to be the cause of the 
relaxation process. Nevertheless, we may not 
apply Waller’s results! directly, since he assumes 
that the magnetic moments are fixed at the lattice 
points. This would mean, in essence, that the wave 
function of the localized electron must be a 6 
function. 

We shall discuss below the spin-lattice relaxa- 
tion caused by the change in the contact-interaction 
energy of the spins of the localized electron and 
the nuclei due to the thermal lattice vibrations. 
Such a relaxation mechanism always results in the 
so-called relaxation time Tx.’ This relaxation 
time corresponds to a process in which a reorien- 
tation of the nuclear spin takes place simultane- 
ously, compensating for the change in the angular 
momentum of the electron. There are other mech- 
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anisms of relaxation which bring about the re- 
orientation of the electron spin without a corre- 
sponding reorientation of the spins of those nuclei 
which fundamentally give rise to the hyperfine 
structure of the paramagnetic absorption lines of 
the LEC (these mechanisms correspond to the 
relaxation time Tg). Sucha classification of the 
relaxation mechanisms, and correspondingly, such 
a consideration of two relaxation times, Tx and 
Tg, is reasonable in relation to experiments on 
the orientation of the nuclei in non-metals (e.g., 
the Overhauser effect).4 

Among other mechanisms, Pines, Bardeen, and 
Slichter* have studied the paramagnetic relaxa- 
tion of donor atoms in silicon, taking place by 
means of the contact hyperfine interaction of the 
spins of the localized electron and the donor nu- 
cleus. The treatment of this relaxation mechanism 
in reference 4 is not completely correct from the 
theoretical standpoint. 

First, it is dubious to apply the theory of the 
deformation potential’ to such a singular function 
as the operator for the contact hyperfine interac- 
tion (the Dirac 6 function). Second, the calcula- 
tion of the value of the relaxation time by use of 
the wave function from the effective-mass method 
is also incorrect, as the authors themselves note, 
since the effective-mass method is invalid in the 
vicinity of the donor. Finally, the application of 
the deformation-potential theory seems somewhat 
illusory, since the authors introduce in the second 
stage of the solution the operator of the hyperfine 
interaction, by means of which the spin functions 
of the lower and upper states are ‘‘mixed.’’ The 
latter operation is necessary since otherwise the 

._paramagnetic relaxation time turns out to be zero. 

It seems possible to obtain the qualitative re- 
sults of Pines, Bardeen, and Slichter* for this 
relaxation mechanism without resorting to the 
theory of the deformation potential. However, we 
shall make use below of another method of cal- 
culating the time 7,, rejecting the macroscopic 
approach. 

In the adiabatic approximation (the instantan- 
eous positions of the nuclei being fixed) in a 
strong magnetic field, the wave function of the 
LEC may be written as follows: 


w= p(t, g)XI] On, ua —99,)s 
Nya, 
where ~(r, q) is the wave function of the sub- 
system of electrons, and the product II@ is the 
wave function of the subsystem of nuclei, Nn 
are the occupation numbers of the oxcillators, 
kK is the wave vector of the phonon, a@ is the num- 


(1.1) 
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ber denoting the branch of oscillations, the q,, 
are the normal coordinates of the subsystem of 
nuclei, and the Chae are the equilibrium values 

of the normal coordinates, as determined from 
the condition of minimum potential energy of the 
nuclear subsystem (see, e.g., reference 6), and 
y is the spin wave function. In a strong magnetic 
field, the latter is the product of the spin functions 
of the electron and of the nuclei surrounding the 
center of localization, i.e., 


x= %y, (Ms) IT, (Ma). 


In Eq. (1.2) Mg and My are the projections of the 
electron spin and that of the k-th nuclus on the di- 
rection of the field H. The quantity I, is the spin 
of the k-th nucleus. 

The wave function of the electronic subsystem 
in the micro-approximation* can be written, for 
example, by making use of the atomic-orbital 
method." In this case 


(122) 


p(r, g)= > AmPm (tf — Rm), (1.3) 
: m=1 
where j,, are the ‘‘orbital’’ functions, R,, is the 


radius vector of the mth nucleus, displaced from 
its equilibrium position. We shall assume below 
that R,, = Re +U,,, where Roy is the equilibrium 
radius vector of the nucleus, and uj, is the dis- 
placement vector of the nucleus from its equili- 
brium position. The values of the superposition 
coefficients Ay, of course, do not agree with their 
equilibrium values, and are functions of the dis- 
placements of the nuclei. 

Such a way of expressing the wave function of 
the electronic subsystem is appropriate in those 
crystals for which the strong-binding approxima- 
tion of the ‘‘extra’’ electron with the ions (or 
atoms) is valid. An example of such crystals is 
that of the alkali halide crystals and many other 
ionic crystals. 

The expression of the wave function of the sub- 
system of electrons in the form (1.3) is also justi- 
fied by the fact that the Hamiltonian of the con- 
tact hyperfine interaction of the electron with the 
kth nucleus has the form 


Hs =~ m (pe/STs) Ip $6 (r— R;), (1.4) 


where pt, Ux, S, and I. are, respectively, the 
magnetic moments and the spins of the electron 
and the k-th nucleus, and 6 is the Dirac function. 
We see from Eq. (1.4) that the slope of the wave 
function is quite marked in the vicinity of the k-th 
nucleus. Function (1.3) is a good description of 


*The authors wish to thank L. V. Keldysh for a discussion 
of this problem. 
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the behavior of the electron in the vicinity of the 
k-th nucleus. 

In numerous papers concerned with the proper - 
ties of the LEC, successful use has been made of 
the macroscopic approximation and the adiabatic 
perturbation theory.8 The calculations have usually 
been limited to the zero-order approximation of 
the adiabatic method, in which the wave function 
has the form 


Y= ir, a) [a Gua — 92,): 


a (1-5) 
The wave function of the subsystem of electrons 
in Eq. (1.5) does not give a detailed description of 
the behavior of the electron in the vicinity of the 
nuclei. Hence, it is not suitable to use such a func- 
tion in the calculation of the paramagnetic relaxa- 
tion time. In this case, the paramagnetic See 


tion time turns out to be ~grady, | wR oo 


independently of the intensity of the static mag- 
netic field. 


2. THE PROBABILITY OF REORIENTATION OF 
THE SPIN OF THE LOCALIZED ELECTRON 
IN A ONE-PHONON PROCESS 


We shall write the Hamiltonian of the contact 
magnetic hyperfine interaction of the spin of the 
localized electron with the surrounding nuclei in 
the following form: 


8x BP; 


isusiye (2.1) 


He= >, aSl6(c—R), a= 
l=1 
summing over the nearest neighboring nuclei. 

The quantum numbers describing the spin sys- 
tem in a strong magnetic field are the projections 
of the electron spin Mg and the nuclear spins M, 
on the direction-of the external magnetic field H. 
We shall denote the state of the spin system having 
Ma -=--r +7; and the given set of numbers ee by 
the symbol +, and the state having Mg = — 17, and 
the same set of M, by the symbol —. We shall 
denote the probability of transition from the + 
state to the — state by P,_. 

As follows from the general formulas for the 
transition probability in a continuous spectrum, 9,2 
the value of P,. is given by the following ex- 
pression: 
eae = a Pva < | ¢ a) Ne + l | Hs,| are Nya > av: (2.2) 

Here Pyq is the density of frequencies of lat- 
tice vibrations, v = guH/h, and < >,, indicates 
the averaging of the square of the modulus of the 
matrix element over the directions of propaga- 
tion and polarization of the phonons, and over 
their occupation numbers n,,,- 
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For values of the field H such as are used in 
paramagnetic relaxation and resonance experi- 
ments, the frequencies v = guH/h do not fall 
within the optical branch of the lattice vibrations. 
Thus, P,,,, is the density of frequencies of the 
acoustic branch, and may be written in the form 


°. = 4n Livto=G (2.3) 


Gq=1lor 2, respectively, for longitudinal and 
transverse waves, L? is the volume of the unit cell 
of the crystal, and Vg is the velocity of sound. 

In Eq. (2.2), the matrix element of the operator 
ts may be calculated from the spin and oscillator 
functions of the system. This operator is associ- 
ated with operator (2.1), averaged over the wave 
functions of the electronic subsystem: 


= \ wt ats par. (2.4) 


The operator (2.4) depends in a complex manner on 
the nuclear coordinates Rj, or in other words on 
the small quantities uy. The subscript 1 in As 
denotes that only the terms linear with respect to 
the displacements of the nuclei from the equili- 
brium positions are retained in the operator (2.4). 

Substituting expression (2.1) in Eq. (2.4), we 
obtain 


Ws = >) ay Si, | p (Ry) |. 


f=1 


(2.5) 


This operator takes the following form for the 
wave function (1.3): 


Hs = d\a 


l=1 


Si, 2 AmAn;,"Pin (2.5a) 


Here and below, for brevity 7, will denote 
Yy (Ry, ), and hence, 77 will be equal to the value 
of ~, at the origin, ~7j7 = ~7 (0). 

We may derive a simple expression for He by 
taking into account the fact that ¥), depends on 
the difference of the nuclear displacement vectors 
uy — U, = Uz,- It turns out (see Sec. 3) that the 
coefficients Ay, depend on the differences of the 
vectors of the displacements of the nuclei from 
their equilibrium positions: 


ig oy f= 1722) «7: 


The number of such vector differences is equal to 
r(r —1)/2 (taking into account only values i >j). 
Not all of these differences will be independent 
(the number of independent vector differences is 
r — 1). However, if we limit ourselves to the 
linear terms, the operator Hg may be expanded 
in a series over all the Ui j (inj): 

Then we have 
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|p (RP) 2 + >} (grade;| sp (Rx) [?)o uy + - 


t>j 


|p (Ri)? = 


grad,j = grady,,. (2.6) 


Substituting (2.6) into Eq. (2.5), we obtain 


Her =2 >) aSi,Re[y* (RI) D ua(gradirp(R))o]- (2-7) 


(=1 i>] 


For the orbital wave function (1.3) 


(gradz 1p (Rz))o = >, (grad;; Am Yim)o 


m=1 


= >) (Ah (grads tpim)o + Wim (grads; Am)ol- (2.8) 
m=1 

Thus, the relaxation process in this case is due to 

two causes: the change in the superposition co- 

efficients A,, of the orbital wave functions and 

the change in 7 

We shall introduce the normal coordinates q,,, 

as follows: 

= VILE FY duotvatter Sin (eR? + F). (2.9) 
Here, the wave vector Kq = KgAxq, @xq is the unit 
polarization vector, ay, =Vh/4n*vd, and d is the 
density of the crystal. 

In order to calculate the probability (2.2), taking 
Eqs. (2.9) and (2.7) into account, use was made of 
the fact that only resonance phonons with a wave 
number Kg = 27V/Vq contribute to (2.2). Hence, 
in the expression for ujj we have 


sin (%aR? + 2/4) —sin (* Ri + 2/4) = haley) (Ayat;/)/V 2. 


Here, Nij is the unit vector of Rij. Besides, in 
Eq. (2.2), the matrix elements for the spin and the 
oscillator wave functions are calculated indepen- 
dently. The oscillator matrix element is equal to 


(tly + 11 dxaxa |v) = [A (n, + 1)/80?vd]"", 
The spin matrix element differs from zero if 
j#R; 
In other words, the change in the orientation of the 
electron spin is accompanied by a change in the 
orientation of the spin of only one nucleus, for 
example, the kth. Here, A(Mg + M;,) = 0, and in 


the summation in Eq. (2.7) only the kth term re- 
mains, containing the factor 


(2.10) 


M; = M,, M, = Me +1. (aa) 


(—| She] +> = £1 + Me + 1) Ue — My)I”. 
Taking all of this into account, we have 


PY = FE (wv)? Av (m + 1) (Te -+ Me +1) (le Mi) 2 


x <{Re ap* (R2) yi; R3; (Aya; ) 


i>i 


X (Gua Brads (Rel B(RE) [| > av 


(2.12) 


ve 


(2.13) 
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In Eq. (2.13) we assume the validity of the Planck 
distribution 

Ny Ws je (1 eet ae le 
The factor within the curly brackets is a dimen- 
sionless quantity; the averaging is carried out 
over the propagation and polarization directions 


of the phonons, 
8 MUR 


hv, = ap|p (Re)? = = ES Mis |p (Re) [?. (2.14) 
The maximum value of p(s). determines the 


minimum relaxation time. Hence, in estimating 
(2.13) we must substitute in the maximum value of 
the spin factor [for half-integral nuclear spins, 
this is (I, + '/.), while for integral spins, it is 
Le (i ate) 
Without finding a more accurate value for the 
expression in curly brackets, we may see that 
Pi ~ IPT, kT Sen? Px Sel = ope. 
(2.15) 
For intermediate values of the temperature T (for 
fields © 3000 oe, T < 1°K), we may expect a 
more complex dependence on the magnetic field, 
given by the factor 


vv? /(1 


Equation (2.13) is a general expression for the 
probability of spin reorientation in a one-phonon 
process. In deriving P,_, we have not assumed 
a concrete model of the center nor a definite ap- 
proximation in the choice of the wave function of 
the subsystem of electrons. We have relied only 
on the fact that the value of the wave function of 
the electronic subsystem at the point of the in- 
stantaneous position of the lattice nucleus depends 
only on the difference of the nuclear displace- 
ments Ujj- 

If we assume that hv << kT, the spin-lattice 
relaxation time may be written as follows: 


4 eo AY, y= gpd /h. 


c=l/2P. (2.16) 


At a temperature at which we can still use Eq. 
(2.2) to calculate the relaxation time, we can de- 
termine the upper limit by calculating the prob- 
ability of Raman scattering of phonons accom- 
panied by reorientation of the electron spin. 

We may determine a value of T by assigning a 
definite model for the LEC, and adopting an ap- 
proximation permitting a choice of the wave func- 
tion of the LEC. If we select the wave function 
of the electronic subsystem in the form (1.3), we 
must, as follows from Eq. (2.8), determine 
(gradijAm )u=o0- 

In the next section we shall show that we need 
not solve the complex problem of determining Ay, 
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with the nuclei displaced in order to determine 
these derivatives. It is sufficient to solve the cor- 
responding problem for the equilibrium positions 
of the nuclei. 


3. DETERMINATION OF THE PARAMETERS 
(8Am /duijp )o 


We shall represent the wave function of the 
electronic subsystem in the form (1.3). Making 


use of the adiabatic method, we find the coefficients 
Ay, for any arbitrary configuration of the nuclei. We 


shall consider the Ay, to be variational parame- 
ters, and shall select them by means of the condi- 
tion of minimum value of the function 


J =\v' (Gt —)) par, (3.1) 


where # is the Hamiltonian of the localized elec- 
tron (in the absence of the magnetic field H), and 
A is a Lagrangian multiplier. 

Substituting (1.3) into (3.1), we have 


J = 3) (Fim — Mmm) AmAm (3.2a) 
where a 
Seg, ey eer (3.2b) 
in which - 
Fam =| Pm dt, Finn = [PHY dt. (3.3) 
We introduce the symbols 
Bee oe Gun Cnt) (3.4) 


and derive in the usual manner the following sys- 
tem of linear homogeneous equations 


sy op, 2 Y),. Ti Ne oelh ite (3.5) 
m=1 

The characteristic equation for > has the well- 

known form 


Ht Gram? =) (3.6) 


In finding the roots of Eq. (3.6), we must select 
that root Amin for which the solution df the sys- 
tem (3.5) gives the lowest value of the energy of 
the LEC, with the additional condition of normal- 
ization (3.2b). 

We shall assume that A,, and A in (3.5) corre- 
spond to such a solution. Then the system (3.5) 
becomes an identity. We shall differentiate it 
with respect to the Ui jp (p =x, y, z) and set all 
uj equal to zero. We obtain as a result 

> Crs Ain ae a > Apion: 
m m 


Here and below we shall make use of the symbol 


(OF mm | Wuijp)o = Fir. 


(3.7) 


The Coan are the coefficients in (3.4) when all 
of the ions are located at the points of the un- 
deformed lattice, the ree are the superposition 
coefficients of (1.3) for the equilibrium positions 
of the nuclei. Here Ay jin goes over into the La- 
grangian multiplier d». All quantities with the 
subscript zero will correspond hereinafter to the 
equilibrium positions of the nuclei. 

The determinant of the system (3.7) is zero; 
however, the system (3.7) is consistent. It may be 
shown that any r-th order determinant obtained 
from the determinant of the system by replace- 
ment of the i-th column by the right-hand side 
of (3.7) is equal to zero. Hence, in order to de- 
termine the Ay » we require one more equation 
independent of (3.7). We can derive this equation 
by differentiating the normalization condition 
(3.2b) with respect to Ujjp- As a result, we obtain 
the following system of equations for determining 


ihemsces 
1jp 
fs rou E Aes es if Ae pee m’ ay 9 fo ac 
» m m2 Lip) = yy meijp » == Wn P45 SO (3 Sa) 
il nil ; 
ig if 
D(X Aver) Alp =— 2 Sh ALANIS. (8.8) 


m=1 m’=1 m,m’ 
Since fim’ =fmm’(Rmm’)) the right-hand side 
of (3.8b) may be written in the form 


As follows from (3.4), 
mm’ mm’ mm’ 0 min 
Ciip = Fijp —dofijp — fmm*Mijp * 


We must know Fim’ in order to calculate the val- 
ues of the ae . The quantities Fym’ contain as 
terms two- and three-center integrals; the Fy» 
are functions of the differences Ui jp: The deriva- 
tives of the overlap integrals are calculated as 

was indicated above. Hence, we must find the de- 
rivatives (2Amin/2Ujjp )o, which may be calculated 
as follows. 

The quantity Amin is a root of the characteris- 
tic equation (3.6). We assume that this root has 
been found. If we substitute it in (3.6), the charac- 
teristic equation becomes an identity. By differ- 
entiating this identity with respect to Ui jp» and 
setting u; = 0 in the result obtained, we obtain an 
equation linear in the desired derivative. We shall 
not give this equation here because of its unwield- 
iness. 

Naturally, the solution of Eqs. (3.8) and the cal- 
culation of the derivatives on the right-hand side 
of the system are greatly simplified when the elec- 
tron center has high symmetry, or in the case in 
which we may limit the treatment to a small num- 
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ber of ions r. The latter case occurs, for example, 
in the case of the F center in alkali halide crys- 
tals. We shall not present the solution of this prob- 
lem, but shall give only the final results. 

It is convenient to introduce here the following 
symbols. The index —m denotes an ion located 
on the same [100]-type axis as the ion m. The 
index 1m denotes ions located on [100]-type axes 
perpendicular to the axis on which the m-th ion 
is located. We shall denote Ree ae and 
een, bys; 1) Ci iaje 8, Cyjotosty,) Cys, TeSpec— 
tively, for the cases m’ =m, m’ = —m, and 
Teele 4 alas 

We note that Eq. (3.8b) is greatly simplified in 
the case of the F center. Since here all of the INS 
are identical, we obtain 


, 
m 

2 Aiip = 

m=1 


By means of the procedure indicated above, we 
have found for an F center in a KCl-type structure, 
for the first coordination sphere: 


— 6Abnijpd fiz (Ri) / dRej- (3.9) 


m df ,,(R%) (Se + ex) 6?) — (Sey + 0) p/P) 
Ajjp fie Asnijp : i i iF : ; = ; 
dR; 6(c — c?) (3.10) 
ij aie (R¢,) d 
(2 ! L L 
OF)? = Agnijp (Simi + Smj — ) Ihe aR : ARS, [T (Re; 
) , 
+ 2V4 (Ri) + Va(RENI} + Ao sae~ [C$ — 8m — Bm) Vi 


+(4 oe 8m) es =F (4 = 8mj) Ve 


OO) Vi te Views) |; 


: —/2 F + F 4F 
Ap=(6l+h+4f)l 3 to = PER. 
In the calculation of the coefficients of (3.11), 
the Hamiltonian of the F center was written in 
the form 


(3.11) 


(3.12) 


he : 6 
ope >) V,, (r — Ri), 
h=1 
where V; is the potential energy of the localized 
electron in the field of the k-th ion; 


T (RY) = |v, (r — Rt) (— 5 Ar) Hy (r — Ria, 
Va (Rij) = |v, (t — Re) Ve (r — RE) sp, (r — Ri) dr, 
V2 (Ri) = {IY (rF — R2) |? V; (¢ — R§) dr, 

Viam = 1, (F — Rh) *by (fF — RY) Vin (F — Ri) dr, 
kelem+k, 


cee (3.13) 


4 
Vs =) Y Vag 14) 


ial 
k#i,j 


In estimating the three-center integrals and 
their derivatives, the fact was taken into account 


, 4 ” 4 
Vee Vie, 6 Ve= >) Vnis 
R=] k=1 


k+i,j k#i, j 
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that at the actual distances (6 —12 atomic units), 
an integral of the type Vic ne is approximately 
equal to fi.7/Rq where R, is the distance from the 
lattice point m to the midpoint of the line segment 
joining lattice points k and 7. Obviously, q may 
take on three values: Ry = ae Ry = (3/2 eas and 
Ry = (5/2 y1/290 where a° is the lattice parame- 
ter. Estimates show that the error in such an ap- 
proximation is ~15%. Sree? 

From the calculations, the contribution pip) 
of the three-center integrals in Eq. (3.11) is the 
following: 


Bele = (Agf RY) nap {— 4G — Bu 
— 8mj) (Ri / R,) af (Re) | dRe 


+ [1 — 3.8m + Smj)) 2s / Rigs} (3.15a) 


eet, 


ew (8p 204 baba 1 


tj 


df (Rij) 
dS, 


+ fo/ 5Ryy) + (2 — 8m — Smj) (2fa | 3Ryy + fe / 5Riy)} 


+ 1/Ryy) Rij 


+ $V 2(f/2R, + f/ 8Ry 


Clg) (3 .15b) 
The first formula takes into account the contribu- 
tion of all of the existing derivatives of ViJy; 
while the second formula is approximate, since it 
omits certain small terms which make the value 

of pip) (i = 1j), depend weakly on which index 
m takes on. Within the accuracy of our estimate 

of Vigm' it is not expedient to take these small 
terms into account. 

Formulas (3.10) and (3.15) complete the solu- 
tion of the assigned problem for the F center in 
an alkali halide crystal, the first coordination 
sphere being taken into account. 

We see from (3.5) and (3.2b) that the coefficients 
Am are determined by the values of cym’. The 
latter quantities, as follows from their definition, 
are functions of the differences uy — Uj}. This 
justifies the assumption made in the previous sec- 
tion that the coefficients Ay, depend on the differ - 
ences of the vectors of displacement of the nuclei 
from their equilibrium positions. 

In concluding this section, we note that a knowl- 
edge of the quantities (9Ay,/ Ui jp Yo» Whose method 
of calculation was presented above, permits us to 
solve a number of other problems, in which the 
determining factor is the interaction of the local- 
ized electron with the lattice vibrations (the form 
of the optical absorption and luminescence bands, 
radiationless transitions, etc. ) 


SPIN-LATTICE RELAXATION OF LOCAL ELECTRON CENTERS 


4. THE SPIN-LATTICE RELAXATION TIME OF 
F CENTERS IN A KCI-TYPE LATTICE 


We shall write the wave function of an F center 
for arbitrary, but small displacements of the 
nuclei from their equilibrium positions in the 
form (1.3). At equilibrium, all of the Am = Ao; 

Ao being determined by the normalization con- 
dition (3.12). In the case of alkali-halide crystals, 
the %m are s functions, to within a sufficient 
degree of accuracy. 

We shall denote by the symbol Kg the dimen- 
sionless factor included within the curly brackets 
in (2.13). In order to estimate the effectiveness 
of a given relaxation mechanism, we first calcu- 
late the magnitude of Kg from dimensional con- 
siderations. Such an estimate gives 


15 15 
Kuss sy 2 GN ee 


isfy 


Liz = (Miya) (Myjexa). (4-1) 


Averaging over the directions of propagation 
and polarization of the phonons is facilitated by the 
following useful relations: 


a 


| = (142 cos%(n;,r7 ;))— longitudinal phonons, 
CL av = 


won 
1 1 2 
= + 4+ cos? (n,,n,-;,))— transverse phonons. 
TA ; ( ij) rans p 


; 4.2) 

The mean value of the square of the cosine a 
(4.2) is equal, as may be shown, to ve Hence, ex- 
pression (4.1) is equal to 100 for longitudinal 
phonons and zero for transverse phonons. 

We shall carry out the numerical calculations 
for an F center in KCl. By using (2.16) and (2.13) 
for the paramagnetic relaxation time, we obtain 


Tnaint.040-10° /T min, Tria, = 4.87 -10*/ T min. 


For T =4°K, 7 ~ (21 — 122) min. In Eg. (2-13), 
the Zeeman frequency v = 9000 Mc /sec(H ® 3000 
oe), ¥; = 21.6 Mc/sec ( reference 3 ). 


(Ip + Mz + 1) Ur — Mi) max = 4; ==, a= 2 een, 


The two values of the time 7 are obtained by 
using the minimum and the maximum values of 
the speed of sound. The two values of the speed 
of sound (both for longitudinal waves vz and for 
transverse waves v;) are the result of a certain 
arbitrariness existing in the determination of v 
and vz in an anisotropic erystal. For KCl, v; = 
(4.47-3.05) x 10° cm/sec, and vy = (1.76 — 
2.90) X 10° cm/sec. 

We shall now calculate T, using the formulas 
of the previous section. With the aid of Eqs.(3.10), 
(3.11), and (3.15) for K, respectively, for the 
cases of longitudinal and transverse waves, we 
obtain 
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Kya. 4D (Gr 4G) 

+ 35 (3(1—6 Ay p, (Re) / rp (Rh) 

X (Ei + Ee) — (C, + C,)}; 
Ky = = [3 (1—6A pnp, (Ro) /p (Re) (Ey + E2) — (Cy + C,)}? 


Here we have used the notation ay) 
2 dip, (R) 4 2 af (R) 
Ce MOREE () 0 ee oe ee 
ee | 4 \ afi 6fa 
B= crear th : n,) aR | OR iy 
+ ap; lP (Ri) + 21 (Ry) + Va (Rall, 
2R» Fy 
Ex = goya lm bo — 2 (/ Re + Y/R 
d 
+ apg; (7 (Rs) +2V; (Ra) + Vo(Ra)}}. (4.4) 


The subscripts 1 and 2 in Eqs. (4.4) indicate, re- 
spectively, that R is equal to 2a" or V2 a’. Only 
the first term of Eq. (3.15b) has been taken into 
account in the expression for E,, since the contri- 
bution of the other terms is within the limits of 
accuracy of the calculation (we must remember 
that these terms only decrease T ). 

A calculation of the values of C, D, and E with 
the aid of the wave function of the 4s state of po- 
tassium!® and the approximation to it taken from 
the paper of Dykman!! show that the contributions 
of C and D are not important. 

By substituting (4.3) into (2.13), we obtain 


trin=1.6/T min, Treo! / min, (4.5a) 
At T =4°K and H = 3000 oe, we have 
Tmin = ie) min, Tmax = De min. (4.5b) 


It is stated in a paper by Feher’* that the para- 
magnetic relaxation time of color centers in al- 
kali-halide crystals is shorter that the correspond- 
ing time T, for donor impurities in silicon (ata 
temperature of 4°K, the latter ~ 10 hours). The 
value of the time which we have derived in (4.5) 
agrees with this conclusion. 
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We give the set of equations for the general case of the electron Fermi liquid in an electro- 
magnetic field in a form which is more convenient than the one normally used. (The simplic- 
ity of the proposed form is conserved also for an electron gas.) We show that the liquid 
properties at high frequencies manifest themselves always in the same way as the presence 
of an electrical field normal to the metal surface. We find that the only case where the 
Fermi liquid effects turn out to be important is that of cyclotron resonance at very high fre- 
quencies, appreciably higher than those considered before. The Fermi liquid leads then in 
particular to an additional broadening of the resonance curve. We discuss the possibility of 
determining the correlation function in metals in this case. 


1. THE POSSIBILITY OF DETERMINING 
LANDAU’S CORRELATION FUNCTION 


Lear devised in 1956 a Fermi liquid theory 
which was very important for understanding the 
properties of liquid He® and of the electronic 
properties of metals. 

The basic equation in this theory was the rela- 
tion between the energy of the quasi-particles and 
the distribution function, which was determined by 
the correlation function @(p, p’) (p is the mo- 
mentum of the quasi-particle). The correlation 
function turned thus out to be a basic characteristic 
of a Fermi liquid together with the ‘‘bare electron’’ 
dispersion law €) = €)(p) (€ is the energy) cor- 
responding to the equilibrium distribution function. 
[€)9(p) and ®(p, p’) are, of course, generally 
speaking independent only in the case of a non- 
uniform medium where there is an additional 
‘‘background’’ which does not take into account 
the interaction of the quasi-particles under con- 
sideration, and which is created in a metal, for in- 
stance, by the ions.] In the homogeneous case 
@(p, p’) determines «(p), apart from a constant 
term. The connection between €)(p) and ®(p, p’) 
is given by the relativity principle. 

The theoretical determination of ®(p, p’) for 
the general case of an arbitrary crystalline lattice 
is, apparently, an almost hopeless problem. The 
experimental determination of @(p, p’) turns, 
however, also out to be very complicated. 

Indeed, let us consider all frequency regions. 
When wt «< 1 (7 isa time of the order of the 


mean free flight time of an electron in the metal ) 
we get immediately, by writing down the transport 
equation and the current density for the Fermi 
liquid, that the difference between the Fermi 
liquid and the Fermi gas is small and appears 
only in the second approximation in 1/wr, and that 
the corresponding terms depend on the collision 
integral and €) (p). 

When wt = 1, the skin depth 6) ~ c/wy ~ 10° 
cm (w, is the plasma frequency) is of the same 
order of magnitude as or smaller than the mean 
free path J inthe metal. The case 6)~ 1 is 
clearly not a convenient one to analyze, and when 
5) «< I there are two possibilities. 

If 6) «< v/w (v is the electron velocity, v/w 
< vt =1) the so-called anomalous skin-effect 
occurs, in which only the electrons move for a 
long period in the skin-layer, i.e., move almost 
parallel to the surface (6) « v/w < 1), are impor- 
tant. This leads to a steep maximum in the distri- 
bution function, which is averaged out in the 
‘‘liquid’’ terms, and the latter give again a small 
effect (see, for instance, an earlier paper by the 
present author’) which depends on the collision 
integral, just as when wT < 1. 

Finally, the case v/w « 6) « 1 corresponds to 
the infrared region. The ‘‘volume”’ effect was in 
that case calculated for an arbitrary dispersion 
law by Pitaevskii.4 The complex dielectric con- 
stant tensor €j; depends in an essential way on ®@, 
as should have been expected. This gives, how- 
ever, only a few (at most six) numbers connected 
with ® and €,(p) and this does not enable us, of 
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course, to obtain any detailed information about 
© (p, p’). 

The ‘‘surface’’ terms in the infrared region 
turn out to depend also in an essential way on ® 
(as was shown by Gurzhi and the present author; 
this will be the subject of a separate paper) and 
give now the function Zj,(n) (Zj, is the surface 
impedance tensor, and n the normal to the metal 
surface, which characterizes the orientation of the 
latter with respect to the crystallographic axes ). 
The integral connection between Zjk and ® is, 
however, so complicated that it is doubtful whether 
it can be used effectively to find ®(p, p’) even 
when one knows the value of €)(p) (from other 
experiment which do not involve @). (We are 
here, of course, interested all the time in functions 
at the Fermi surface €)(p) = €9, which is the only 
important quantity. ) 

The Fermi liquid will thus always lead to small 
terms in the equation, except in the infrared region 
where it is practically impossible to determine 
®(p, p’). There remains therefore for us to look 
for a case where a small correction in the equation 
leads to a large difference in the final results. 
This is, of course, possible only near an eigen- 
value of the equation, i.e., physically near a reso- 
nance (for more details see Sec. 4) at very high 
frequencies, which are appreciably higher than the 
ones considered before.°”® 

We must thus study cyclotron resonance, which 
will be shown in the present paper to be very con- 
venient for finding the correlation function. This 
particular convenience is connected with the fact 
that at resonance the distribution function has a 
steep maximum only near isolated points where 
the electrons move almost parallel to the surface 
and take part in the resonance, i.e., have a mass 
which is nearly an extremum. Thanks to this only 
the values of the correlation function at these 
points are important, and this makes the analysis 
appreciably easier. To solve the equations it turns 
out to be more convenient to write them down ina 
form somewhat different from the usual one, and 
we shall consider this in Sec. 2. 


2. FORM OF THE COMPLETE SET OF EQUATIONS 


For the sake of simplicity we consider a one- 
dimensional case when the set of equations of our 
problem for a monochromatic wave is of the form 
(we neglect, of course, the displacement current ) 


Ex (y) = Anioc® | jy, (2.1) 


jg(y)=0 or p'=0% (2.2) 
*The equivalence of these equations follows from the equa- 
tion of continuity. 
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Here E is the electrical field strength, j the 
current density, and p’ the charge density: 


sly? ? 

9 
oo axa | {n — No (€)} 4, (2.3) 
dn _ Ge On O€ On Of 9.4 
te ee Oty Or Op Op Or I {n}, ( ) 


where € and p are the energy and quasi-momen- 
tum and v = 0¢/ap the electron velocity; I{n} is 
the collision integral. 

In order that the set of equations be complete it 
is necessary to write down the connection between 
the difference 6€ of the energy € of an elementary 
excitation in the Fermi liquid and the energy € 9 in 
the Fermi gas and the deviation of the distribution 
function n from the equilibrium one ny (€ 9) 


nN = Ny (&)) — ev On, / Oe. 


According to Landau! this connection is given 
by the correlation function # (p, p’) 


e=e,+ 62, d2= —e\o (p, p’) ae v (p’) do’ met 
If we put 
v=(l Oo) ny, “O02 6) =¢, 
so that 


be = \G(p, p’) (nn (8) dp’, 


we get the complete set of equations for our prob- 
lem 


Ey = 4nioc ja; (2.6) 
y= 9, p’ = 0; (2.7) 
2e Ho P 2e2 Hye Aree 
i=Gaye ie ¥™ 8 Gaye, lO) ms 2.8) 
io(1—G)n, +0, oe si. — 4 (F) = VE = upEg + 0,Ey. 
coll 
(2.9) 
The averages are defined by the equation 
a 0 
f= —ar \f-Ghap=—|fBededp,dt. (2.10) 


We shall show that one can at once satisfy (2.7) 
in the general case, without making any approxima- 
tions (this possibility was mentioned in an earlier 
paper by the present author®). To do this it is 
convenient not to use the condition jy = 0, but to 
use the condition of electrical neutrality p’ = 0 
which is equivalent to it [because of (2.9)]. We 
put ee 
m=u—p=r—\ Edy, 

y 
This corresponds physically to choosing as the 
zeroth approximation not 


Ey=—@ (y) (2.11) 


THE CORRELATION FUNCTION FOR A FERMI LIQUID 


Ny (€ — Cy) =n, (et — Ett ) 
[ tot is the total (kinetic and potential) energy of 
the electron in the field; ¢tot = £) + eg is the 
chemical potential in the field] but the quantity 
ng (ett — ¢,) which is the natural thing to do 
when the field changes rapidly and when the chem- 
ical potential in the field does not have time to get 
established. 

Since (/8t)go]] = 0, the transport equation 
(2.9) has the form 


iw (1 — G) v, + {0,0 / dy + 0/ Ot + (0/Ot)con} V1 


= U.E. + iog (1 — 6), 
and (2.7) enables us to determine at once the func- 
tion g (and thus also Ey) 


eG) v=o (= C) 0: 


@ = (1 — @)v/(1 —G), 
(2ealltay) 
and to write down the transport equation in the form 


iw (1 G)v, {oy x = (Sr) of 


(2.12) 


Equation (2.12) together with (2.6) and (2.8), which 
can be put in the form 


Ania 2e2 eH 
ES (RIO 


E, = (2513) 


VaVi; 


give the complete set of equations for the problem. 
(We see easily that by averaging Eq. (2.12) and 
taking the relation (87; /Ot),.]; = 9 into account, 
we get jy = 0, i.e., this equation is satisfied auto- 
matically as expected. ) 

The proposed transformation enables us thus 
indeed to find Ey from (2.11) and (2.11a) while 
automatically satisfying (2.2). This is, of course, 
also valid in the usual case of a Fermi gas, when 
G=0. 

One realizes easily when such a transformation 
is convenient. The transformation (2.11) intro- 
duces an inhomogeneity in the equation and one 
must in (2.12) always (even in the static case* ) 
retain the term with the derivative with respect to 
the coordinate. In the case of the normal skin 
effect this turns out to be inconvenient, but for the 
anomalous skin effect, when the derivative 
vydv,/ay is different from zero, Eq. (2.12) is 
very convenient. 

An additional advantage of Eq. (2.12) in the case 
of the anomalous skin effect, when the smallest 


*In the static case one must, of course, choose a finite 
upper limit in (2.11), for instance zero; the choice of the value 
co is convenient when Ey decreases at infinity, as will be the 
case for a variable field in the half-space outside the metal. 
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length is the skin depth, is that v,; has a steep 
maximum as a function of the angles (near vy = 0 
and in the case of resonance near pz = are *, Vy = 0) 
which makes it possible to simplify (2.12) consid- 
erably (vide infra). It is clear that n;, which con- 
tains ¢, which in turn is isotropic in the angles, 
does not possess this property. 

It is already clear from the form of Eq. (2.12) 
that the Fermi-liquid plays on the whole the same 
role as a field Ey normal to the metal surface (to 
check this it is sufficient to put G = 0), and does 
so at the same time, i.e., at sufficiently high fre- 
quencies (vide infra), in particular at frequencies 
appreciably higher than the ones studied in refer- 
ences 5 and 6. 

It remains now to derive the boundary conditions 
for Eq. (2.12). The condition in t is obvious: pe- 
riodicity with a period Q = eH/m*c for closed 
orbits and boundedness as t — ~ for open orbits. 
At infinity (where gy = 0), we have 


N|y=co, vy <0 = My (Ey — p); V1 |y=co, x, <o = 9. (2.14) 


Since the conditions p’ = 0 and jy = 0 are auto- 
matically satisfied everywhere (and in particular 
on the surface y = 0), it is natural that we have 


aa to (& a Go). (2.15) 


when the reflection from the surface is diffuse. 
(The equilibrium function is chosen here to depend 
on €) and ¢ 9, since the surface manifests itself at 
interatomic distances while the field, which leads 
to a change in the chemical potential and to the 
liquid effects, manifests itself at appreciably 
larger distances on the order of the skin-depth; 

€,) is a function of the kinematic momentum.) It 
follows from (2.15) that 


N|y=0, vy >0 


(6) — 1 — Gv) GG) 2) sy (218) 
We average (2.16) over the region vy > 0. This 
averaging is defined by Eq. (2.10), where the inte- 
gral over vy is taken over the region vy > 0. 
Such an averaging will be denoted by the symbol 
f*. We denote the analogous averaging over the 
region vy < 0 by the symbol f. 
It is easy to verify the validity of the relation 


i1—G=2(1-G@), f=f+f. 


from which it follows at once that 


((-30)y = (ea Gina 
(2.16) can thus be rewritten as 


(2.17) 


RS x 
2 ae oy 
1{—G 


(2.17) is the equation for »;ly = 0, vy> 0 in terms 


(1 = G) Vi y=, Uy, 0 
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of the value v, ly 
the boundary condition. 
thus 


= 0, vy < 0 for which (2.14) gives 
(For G = const we have 


Vi \y=0, Uy >0 — Vy Veo) 


Conditions (2.14) and (2.17) are the boundary con- 
ditions for Eq. (2.12). 

The complete set is thus defined by Eqs. (2.12) 
to (2.14) and (2.17). 


3. THE SET OF EQUATIONS NEAR RESONANCE 


We have stated in Sec. 1 that we are only in- 
terested in the region near resonance. By using 
this fact we can first simplify greatly the consid- 
eration of the boundary conditions. Since only 
electrons that do not collide with the surface can 
take part in the resonance, we can assume 1 to be 
different from zero only for those electrons and 
replace in Eq. (2.18) for the current density the 
quantity v, by 


ty SW) 


(3.1) 
r;(t) is the orbit traversed by an electron from 
the vertex of the trajectory after a time t (for 
details see reference 5). 

We take it also into account that in the case of 
resonance and a non-quadratic dispersion law only 
the ‘‘upper’’ (px > 0) and the ‘‘lower”’ (px < 0) 
points of the orbit, i.e., the points p = +p), where 
€ = €9, pz = 0, and vy = 0, are important. (We 
shall for the sake of simplicity consider only the 
case of resonance on the central cross section. ) 
We note that for the case of an anomalous skin 
effect and resonance on the central cross section, 
v, [which is defined by Eq. (2.12) ] has a steep 
maximum in momentum space for p ® py or —Pppo 
(it was pointed out in Sec. 2 that this is one of the 
advantages of this set of equations). Because of 
this we have for rv¥wt/5 > @/T (@ is the Debye 
temperature ): 


(Ov, / Ot) eon ~ Vi / T(P), (3.2) 


t+ (p) =\Wo, p’) dp’, 
where W(p, p’) is the probability for a transition 
from p to p’ during a collision. 


Since 
W(—p, —p)=Wp, p), 


e(—p)=e(p), t(—p)=T(p), 
we can also perform the substitution (arguing in 
analogy with reference 6) 
if 
(Ov, /Ot)eor—> V1 /%. T= Ta t1(p)dtlp—p, (3.3) 


0 


AZBEL’ 


For the same reason (because of the steep maxi- 
mum of ; at +p)) the following substitutions are 


valid: 


a Ono 
OG Lae \e G (p, 


p’) dp’ = g (p) = g(— P) > € (Po) = Bo 
(3.4) 


[we recall that G(—p, —p’) = G(p, p’) because 
of spherical symmetry ], 

ee X Any Ory 
EG = \\ 6 0 BY Gop Ger HP) aha 


= {wo Sh ae’ | 3-6 (P. P') dp 


gu Gv, mes 2ov13 


= Hs, 
A ’ 7 , aa 
Gv, =— on (p, p’) v1 (p’) dp’ = G (Pp, Po) Vu 
+ Gp, —Po) 1 = 34 (P, P) (vi + 5%) 


ae > G (p, aS Po) (v4 ee SV;) = Vi2t ae sv,sb; 
Bio = =1G (Por Po) + G (Py, —Po)l, 
b= al [G(Po» Po) — G (Por — Po) 


where a bar with a plus or a minus sign indicates 
averaging over the ‘‘upper’’ (where s = 1) and 
the ‘‘lower’’ (where s = —1) parts of the trajec- 
tory, respectively. The parameter s, the value of 
which is important only near +pp, can be set equal 
to 


(3.5) 


S=signv,, 
0 
Us, = Uz (Pp) 8 = da8. 


We now write (2.12) and (2.13) in the form 
6) 4 , 
TFT Fe ) Me 


iw eae a 


(3.6) 
(3.7) 


: C) 
(iw + Uy ag 


S1y| me + sbsnel , 


y, 4nio 2e2 eH one 
Ea =e Gane e208 Spi (y— Ti (t)) (V1= OBNG). 


We now choose the @ axis in the direction of v 
in the point py and thus diagonalize the equations. 
Since we are interested only in the component Zaq 
(Z is the impedance), which show a resonant be- 
havior, we get, dropping for the sake of simplicity 
the index a, 

Bos = an = (3.8) 
(io + v0 /dy + 0/dt + 1/%,)n' = sE + iw (an’ + sbsn’), 
(3.9) 
(hs = 
1— 


vjsn’ = iwNsn’, 


8e8 HH v2 
c3(2nh)§ 


8mm" ve2Q, 
c? (2h) 


a= 


+ £10» N= 0° 
(3.10) 
In (3.8) we have dropped a term with 1 — s(y 

— vr; (t)), which takes the boundary conditions 

into account. This simplifies the solution consid- 
erably, as it contributes only an unimportant factor 


THE CORRELATION FUNCTION FOR A FERMI LIQUID 


of the order of unity’ to the impedance (in the 
general case the solution is similar to the one 
given in reference 6). 

We now recognize easily when the difference 
between a Fermi liquid and a Fermi gas turns out 
to be important. First of all it is clear that when 
Ty = © and a=b = 0 there exists a periodic solu- 


tion of the homogeneous equation (3.9) [and also of 


(2.12) ], which corresponds to an eigenvalue of 
Kq. (3.9) [or respectively (2.12) ]. The two small 
terms n/t) and w(an’ + sbsn’) ensure that the 
value of the resonance n’ is finite and are thus 
very important. We shall estimate the ratio of 
these terms. One sees easily that 


an’ ~ bsn’ ~ n’ (8, /r) (wt) “, 
so that their ratio is of the order of magnitude 
y= 6/rV or. 


From an earlier paper by the present author’ it is 
clear that we have always y < 1, while ly | ell 
(and the Fermi-liquid character of the spectrum 
is important ), when 


ho SkT, l~lajp~ (ho /kO)(kO/ho)® — (3.12) 
— k?e (k) — 2E’ (0) = iwNsn’; 
t 
n’(k) = [1 —exp(—2ni-¢ — m= Nex 


Ti 


exp { — iqQ,t + ikr,(t)} [1 —exp i 


e(k) = \ Elyemdy, n'(k) = \ n'yeay. 


—oco —oo 


@ 
ih 


Calculating from (4.3) the average values n’ 
and sn’ and solving the resultant set of algebraic 
equations we find for the value of sn’, which occurs 
in (4.2), the expression 


4 —iwa<R| A\*><RASA’D 


ee aac RAL Ay <P A 


4{—iwa<R|A)> ~iob <RASA’) | 


45 Bea ie An AS 4 — iwb <R | As|?> 


Here we have used the notation 


qT, 
<= \fdp,, fF =\ iat, 


0 
2h) PASS \Gi 3 
R =[1 — exp( 2ni oral. 
We use now the condition 


T—~ (7/6)? 7/8. >|, 


so that only pz ~ 0 and vy © 0 are important. 
We have then (dots indicate differentiation with 
respect to t, r; = vy; dashes indicate differentia- 
tion with respect to pz) 


A =exp {iqQ,t — ikr, (t)}, 
(4.5) 


(3.11) 


Oo =e exp {iqQ,t’ — ikr, (t’)} [s (t’) E + iw(an’ + bs (t’) sn’)] dt’, 


Oe 


(lefg is the effective electron-phonon mean free 
path). 

If the dispersion law is quadratic (when the 
Fermi surface is an ellipsoid) the Fermi-liquid 
effects manifest themselves appreciably earlier, 
when 


orb) /rXS1. (3.13) 


All values of p, are then, of course, important 
(since the frequencies for the circulation of all 
electrons are the same) and Eq. (3.9) is only 
qualitatively valid. 


4, THE SOLUTION OF THE EQUATIONS 


To solve Eqs. (3.8) and (3.9) we note that they 
can easily be continued on the negative semi-axis 
y < 0, if we put 


E(—y)=E(y), n'(—y, —p)=—n'(y, p). (4.1) 


Changing in (3.8) and (3.9) to Fourier components 
and finding the solution of the corresponding equa- 
tions, which is periodic in t, we get near resonance 
(wT > 1, w & qQQy = q2\p,, =O) 


(4.2) 


p{—(¢—#') (to +4) + k(n (Q—n ey} ae’ Is (¢) E + io Gn’ + 63’) sn’) 


(4.3) 
(4.4) 


(Ro (pz)) = <R>9(0); Ax 2iV m/| rigk [sin (Ady / 2 — m/ 4); 
As ~2V x /| righ | cos (kd, / 2 — «/ 4); 

d, = (2cpr* es 
6 = sign (&, / 29); 


x = (@ —42,)/@ =| xs, 
=V 219% /2,(7+ 
tad ot Tiok (> (1 + sim Rdp) 


font a arcana 
ia dp, NE, Po ee > com 
Ro R ~ 2g( +E xp {if Co ueeaal pap 
mae! 4.6 
= (4.6) 


Using (4.6) we can show that the behavior of the 
field in the metal is the same as that found in ref- 
erence 5: the magnitude of the field has steep 
maxima for y = 0, dy, 2dy, ... We find now from 
(4.2) and (4. 6) * 

i@d, ¢ a lO Rats, 
,, _(1 + sinx) eee 
4 + (2miwRodo/ | rig! x)[(b + a) + (6 — a) sin x] 
Transforming the integral obtained here in a way 
similar to that used in reference 5 we find 


798 Wil SEB) 
8iw iy SE an Hl =e (a + B) uy : 
Zacalit+eeer) | {!—toeg ee 
0 
A = (2n0R,N /! oe ig A 2B ie Oe ea 
_ a t+ilf +4) _atbitif 
B= 7y7O—a/o+a)’ = ee ae 
f =(2noR, /| 09 |)°N—? (6 + a) ~ (83 / dg Ve? +E)”. 


(4.8) 


We must bear in mind that the quantity f depends 
in an essential way on the actual values of the 
quantities occurring in (4.8), and that a change in 
f greatly influences the impedance. 
As was stated in the foregoing the Fermi liquid 
properties are important when 
ot ~ d2/ 8, (4.9) 
i.e., when Eqs. (3.12) are satisfied. The resonance 
curve is then broadened corresponding to an ef- 
fective 7 of the order of 
Tepf~ 0, (0,/0)?, ho,~e,0/C, 
so that X = 0 when T = 


5. CONSTRUCTION OF THE CORRELATION 
FUNCTION 


oo 


Equations (4.9) and (3.12) show that under our 
conditions (resonance at very high frequencies ) 
we can effectively construct the correlation func- 
tion from Eqs. (4.7) and (4.8). 

The function Z(H, w, T) contains five inde- 
pendent parameters: kx corresponding to the effec- 
tive mass on the central cross section mo ); two 
parameters that determine the value of & = 1/wT) 


1/t%= sit Ee 1 


where Timp and T/w> are respectively the times 
between collision with impurities and phonons 
(when the skin effect is anomalous these times 
are introduced in sequence ); the parameter 

Npp | voy |7', which is easily determined from the 
value of the impedance outside the resonance; and 
the parameters f and f(b —a)/(b+ a). 

One can, of course, determine from the experi- 
mental behavior of Z(H, w, T) all these param- 
eters (it is, for instance, sufficient to perform 
measurements for only two values of w). To do 
this one must, finally, use beforehand numerical 
integration to plot the function (4.7) for different 
values of these parameters. 

" *The equations are obtained for resonance on the central 
cross section only for the sake of simplicity. (We note that when 
(3.12) is satisfied in the base points the resonance is in gen- 
eral impossible; see also reference 5.) 


(5.1) 
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The measurement of Z(H, T) is already suffi- 
cient to determine the quantity 


2 2 
oat _ (tee + Gin, —p)| |[ = + Ole, Pod], 
eS (5.2) 
which completely characterizes the correlation 
function. If, moreover, we determine (by inde- 
pendent measurements in a region where the 
Fermi-liquid effects are unimportant ) both (for 
instance, by studying the vanishing of the resonance 
harmonics in plates; see reference 5) and vo 
(from the resonance frequencies by the Lifshitz- 
Pogorelov method’) we can determine b+ a and 
b —a independently. As a result one can find the 
values 


G (py, Po) — (Boe — Po) = P (Po), 


(i £)°/ CU a g) i G (Pp, Po) = %p (Do): 
The functions @(p)) and ~(po)) give very com- 
plete information about the correlation function. 


Note added in proof (September 7, 1960): Resonance 
‘“‘splashes’’ of the field® can occur: 1) when H rotates in a 
plane, leading to ~a = D/d extremal resonance values of the 
impedance; 2) when @ and H/H are fixed and when 
@T => (d/5)% and M2 =a 2(d/5)*s (the notation is that of 
reference 5). In the latter case a change in the number of 
maxima in the high-frequency field in a plate while H is 
varied in the resonance region leads to the splitting up of one 
resonance peak into several ones, i.e., to the appearance of 
additional extrema in the resonance curve. 
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MAGNETIC PROPERTIES OF ORTHO- 
FERRITES OF LANTHANUM AND PRASEO- 
DYMIUM WITH PARTIAL REPLACEMENT 
OF Fe** IONS BY Al** JONS 
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KADOMTSEVA 


Moscow State University 
Submitted to JETP editor July 6, 1960 


J. Exptl. Theoret. Phys. (U.S.S.R.) 39, 
1148-1150 (October, 1960) 


(Ohenentae of the rare-earth elements 
(the general formula is M,03+ Fe,03;, where M is 
an ion of a rare-earth element) are antiferromag- 
netic but exhibit a weak ferromagnetism. A theo- 
retical explanation of the presence of weak ferro- 
magnetism in various antiferromagnetic materials 
has been given by a number of authors.! Earlier? 
we investigated unusual hysteretic phenomena in 
Pr,O3* Fe,O3 and La,O3;° Fe,O3,; the unusual fea- 
ture was that hysteresis loops taken after cooling 
in a magnetic field from the Curie point to room 
temperature were displaced upward along the mag- 
netization axis. A magnetic field of approximately 
8000 oe did not reduce the thermoremanent mag- 
netization to zero, a fact indicative of the presence 
of a large coercive force. 

Bozorth,? in investigations of monocrystals of 
similar orthoferrites, showed that in these com- 
pounds the magnetic moment is directed along the 
c axis of the orthorhombic crystal. This should 
lead to a large magnetic anisotropy of these crys- 
tals, and consequently to an increase of the coer- 
cive force. The orthorhombic distortion in the 
crystals should decrease’ upon replacement of the 
iron ions in the perovskite structure by ions of 
smaller radius. Accordingly, we have carried out 
a partial replacement of Fe** ions (ionic radius 
0.67A) by nonmagnetic Al** ions (ionic radius 
0.57A) in the compounds La,03;° Fe,O3 and 
Pr,0,* Fe,0,. The polycrystalline specimens were 
prepared by the same method that was described 
earlier.’ 


Figure 1b shows a hysteresis loop for the ortho- 


ferrite La,O,+0.9Fe,03+* 0.1A1,0;, taken by the 
ponderomotive method after cooling from the Curie 
point in a magnetic field H = 4000 oe. Shown also 
for comparison (Fig. 1a) is a hysteresis loop ob- 
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FIG. 1. Magnetic hysteresis loops at 20°C after cooling 
in a magnetic field H = 4000 oe from the Curie point: a— for 
the ferrite La,O,-Fe,0,; b—for the ferrite La,O,-0.9Fe,0,- 
-0.1A1,0,. 


tained under similar conditions for La,O3+* Fe,O3. 
In La,O3° Fe,03; clearly, the thermoremanent 
magnetization is not destroyed even in fields 

~ 20000 oe. The hysteresis loop in the substituted 
compound has become much more symmetric. 
The thermoremanent magnetization is already re- 
duced to zero at fields of order 3000 oe, an indi- 
cation of a decrease of coercive force. The de- 
crease of coercive force is also observed in the 
compound Pr,O; + 0.9Fe,03+0.1Al,03 (Fig. 2).* 


1 


ie 0, gauss cm* g~ 
0, gauss cm’ g™ we ans 


p/0000 = 20000 -20000 -T0000 


H, oe 


-20000 -10000 


fp 


FIG. 2. Magnetic hysteresis loops at 20°C, taken without 
cooling in a magnetic field: a—for the ferrite Pr,0,-Fe,0,; 
b—for the ferrite Pr,O,-0.9Fe,0,-0.1A1,0,. 
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As was mentioned above, this decrease may be 
connected with a decrease of the orthorhombic 
distortion of the crystal lattice. In the substituted 
compounds there was also observed a change of 
several other magnetic properties. Figure 3 shows 
the variation of magnetization with temperature in 
the original and in the substituted compounds. As 
is clear from the figure, the Curie points for the 
compositions La,O;+0.9Fe,03* 0.1A1,03, and 
Pr,O; + 0.9Fe,03*0.1Al,03 are slightly decreased 
in comparison with the stoichiometric; this is 
evidently connected with a decrease in the number 
of Fe** — 02> — Fe** super-exchange interactions. 


0, gauss cm* g™? 


@ Heating 
0 Cooling 


1 


100 200 = 300 = 460 500 (BB 
tC 


FIG. 3. Temperature dependence of the specific magneti- 
zation, taken in a field of 4000 oe: 1-—for the ferrite La,O, 
-Fe,0,; 2—for the ferrite La,O,-0.9Fe,0,-0.1A1,0,; 3—for 
the ferrite Pr,0,-Fe,0,; 4—for the ferrite Pr,O,-0.9F e,0, 
-0.1AL,0,. 


From Fig. 3 it is also evident that if the ther- 
moremanent magnetization (cooling curve) at the 
stoichiometric compositions is two to three times 
larger than the initial magnetization (heating 
curve ), upon substitution of ions in the lanthanum 
compounds the thermoremanent magnetization ex- 
ceeds the initial by 15%, and in the praseodymium 
compounds it is quite unobservable at the field 
used. 

It is also interesting to note that in the ortho- 
ferrites we have studied, partial replacement of 
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Fe** ions by Al** ions, possessing zero magnetic 
moment, led to a marked increase of magnetiza- 
tion (Fig. 3); this is perhaps connected with an in- 
crease of the difference between the magnetiza- 
tions of the two sublattices of Fe®* ions in the 
structure when some of the Fe** ions are re- 
placed by nonmagnetic Al** ions. 


*For comparison of the magnitudes of the coercive force, 


the hysteresis loops shown in Fig. 2 are those taken without 
cooling in a magnetic field, since they are more symmetric 
with respect to the coordinate axes. 


17, E. Dzyaloshinskii, JETP 32, 1547 (1957), 
Soviet Phys. JETP 5, 1259 (1957); A. S. Borovik- 
Romanov, JETP 36, 766 (1959), Soviet Phys. JETP 
9, 539 (1959); E. A. Turov and V. E. Naish, ®usuxa 
MeTal0B KM MeTaanoBegeHne (Phys. of Metals and 
Metallography ) 9, 10 (1960). 

2 Belov, Zaitseva, and Kadomtseva, JETP 87, 
1159 (1959), Soviet Phys JETP 10, 825 (1960). 

3R. M. Bozorth, Phys. Rev. Letters 1, 362 
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4, Bertaut and F. Forrat, Compt. rend. 243, 
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ON THE ROLE OF THE NONPHYSICAL RE- 
GION IN THE DISPERSION RELATIONS FOR 
THE PHOTOPRODUCTION OF 1 MESONS 


A. M. BALDIN 


P. N. Lebedev Physics Institute, Academy of 
Sciences, U.S.S.R. 


Submitted to JETP editor July 12, 1960 


J. Exptl. Theoret. Phys. (U.S.S.R.) 39, 
1151-1153 (October, 1960) 


ln a paper by Govorkov and the writer! it has been 
shown that the amplitudes for the photoproduction 
of 7 mesons in the region near the threshold that 
were obtained by Chew, Goldberger, Low, and 
Nambu (referred to hereafter as CGLN)? are 
clearly in contradiction with experiment. 

There have previously been studies!»* of the 
initial assumptions of CGLN, which were made on 
the basis of a direct comparison of the dispersion 
relations for photoproduction with the experimental 
data. The observed disagreement with the disper- 
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sion relations is illustrated in Fig. 1, where A 
and C are the coefficients of the angular distribu- 
tion do/dQ = A + Bcos 6 + C cos’@ in the reaction 
y+p—pt+. Here A’ is equal to A after the 
subtraction of the S-wave contribution, q is the 
momentum of the meson, fi = c = w= 1, and @ 

= (q? + 1)1/2, The solid curve is the result of cal- 
culations on the basis of the dispersion relations 
(concerning the calculation of the dispersion inte- 
grals see references 1 and 3). Experiment agrees 
with the resonance model in giving a constant 


value for the quantity (A’ + C)/wq? (dashed curve). 


As has already pointed out,® this value is in good 
agreement with the experimental data over a wide 
range of energies. 


FIG. 1 


The conclusions drawn from an examination of 
this discrepancy were as follows: 

a) CGLN’s original equations are in contradic- 
tion with experiment, and it is not possible to get 
complete agreement with experiment by an im- 
provement of their solution.4~ 

b) The possibility of removing the difficulty in 
the direct comparison of the dispersion relations 
with experiment must be sought in the calculation 
of the dispersion integrals. 

We have taken this last conclusion to mean 
that it is necessary to take into account the con- 
tribution of the energy range above 1 Bev and to 
give more careful consideration to small partial 
amplitudes.* It must be remarked, however, (and 
this is the main purpose of the present note), that 
in calculations of the dispersion integrals there is 
the possibility of a much more serious error, 
which is due to the analytic continuation into the 
nonphysical region of an amplitude expanded in 
partial waves. In spite of the fact that the possi- 
bility of analytic continuation of the amplitude in 
this energy region has been proved by Longunov, 
the question of the rapidity of convergence of the 
series of Legendre polynomials for cos #9 > 1 re- 
mains an open one. 


ee 


9 


801 


We have made a detailed analysis of the possi- 
bility of explaining the difficulties that have been 
indicated in terms of a large contribution of the 
nonphysical region, which was not taken into ac- 
count in the equations of CGLN, and have found 
that the disagreement with experiment occurs only 
for those values of the angles and energies for 
which the size of the nonphysical region exceeds 
Aw -~ 0.1. At values of the angles and energies for 
which the nonphysical region is absent (kw 
— kq cos 6 = kthresh» where k is the energy of the 
photon), there is good agreement with experiment. 

We give as an example Fig. 2, which shows the 
calculated cross section dg/dQ of the reaction 
y+p— p+ for cos¢ = 37!” (solid curve). 


16, (a6 
a2/c0s6=//V2 J 


FIG. 2 


The experimental points are obtained from the de- 
tailed measurements of the total cross section of 
this reaction.!!! For cos = 37'/* the quantity 
dao/dQ lies in the neighborhood of the line kw 

—kq cos 6 = kthresh- The solution of the difficulty 
indicated above is as follows. The nonphysical 
region vanishes for q? — 0. As can be seen from 
Fig. 1, for the neighborhood of q? = 0 the calcula- 
tion on the basis of the dispersion relations gives 
a curve that clearly has a tendency to go through 
the experimental values. The difference between 
the functions represented by the dash-dot line and 
the solid line must be ascribed to the contribution 
of the nonphysical region. In this connection it 
must be emphasized that the value of the resonance 
amplitude M,,/q for q— 0 is found to be 0.63 

+ 0.03, in complete agreement with the entire set 
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of data on the reaction y +p ~*~ pt n° in the re- 
gion 0.4 < q’< 4, which gives Mid ‘lo = 0.66 
+ 0.02. The difference between the functions rep- 
resented by the dashed curve (with only the am- 
plitude M,, included) and the dash-dot curve is 
due to the amplitude M,_, which has not yet been 
observed experimentally. As can be seen, near 
the threshold the contribution of this amplitude is 
very large. It decidedly decreases the coefficient 
C, and can even change its sign for q— 0. An 
experimental test of this conclusion is extremely 
desirable. Another sensitive test for the point of 
view stated here would be a study of the angular 
distributions in the reaction y +p—n+7° for 
y-ray energies of 180 — 200 Mev. 

A complete analysis of the consequences that 
follow from our assertion about the role of the 
nonphysical region, other arguments in favor of 
this assertion, and suggestions for experiments 
will be published separately. 

The correctness of our assertion would mean 
(besides the removal of a difficulty) that in the 
small region of energies and angles defined by the 
inequalities 


(km — 1.6) /kg <ccs8< (kw — 0.7) / kg, (1) 


there does exist a theory of the photoproduction 

of mesons. By a theory we mean a prediction of 
the amplitude for photoproduction in this region, 
with the imaginary part of the resonance part of 
the amplitude being taken from experiment.} (The 
real part of this amplitude is calculated and, as 
has been noted, agrees well with experiment. ) 
This theory will enable us to calculate threshold 
values of cross sections without risky extrapola- 
tions, and thus to clarify the values of the basic 
parameters of s-meson physics in the low-energy 
region (Ci., e. g., reterence 12): 

The writer is grateful to A. A. Logunovy, D. V. 
Shirkov, and L. D. Solov’ev for a discussion of 
some questions in the theory of dispersion rela- 
tions, and to I. A. Egorova for invaluable help 
with cumbersome numerical calculations. 


*Solov’ev and Tentyukova’ have eliminated the divergence 
for the coefficient C by the introduction of a pole at w = 98 
and an assumption about the phase a,, that is in contradiction 
with experiment,” but no complete comparison of their theory 
with experiment was carried out. 

tWe remark that this sort of theory is not the same as the 
theory of CGLN if the latter is restricted to the region where 
Eq. (1) holds, because we are singling out just a narrow range 
of angles; on the other hand, the expansion in multipoles (used 
by CGLN) presupposes integration over all angles. According 
to the point of view expressed here, equations obtained from 
one-dimensional dispersion relations with only the low partial 
waves included are invalid. 
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A case encountered frequently is that in which the 
initial state of the primary beam and the target 
consists of a combination of incoherent states 
(‘‘mixed state’’?). For example, the state of the 
target or that of the beam particles can be a mix- 
ture of different states with respect to the ordinary 
or the isotopic spin, with respect to the strange- 
ness of the particles, etc. 

In this case the primary beam J is a sum of 
beams -Jc\(Siml,s2en en oe, n), for the different 
states of the beam particles or of the target. The 
fractional amounts of these states are Pg = Jdg/J. 
For each individual state we have the optical 
theorem 


Im fs (0) = (Rs / 450) Gs, tor; (1) 
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where, as usual, fg(0) is the scattering amplitude 
at zero angle, og, tot is the total cross section for 
the s-th beam, and kg is the wave vector for par- 
ticles of the s-th beam. We note that even if all 
of the k§ in the beam are the same, the relative 
momenta k, of particle and beam can still be dif- 
ferent. For example, this will be so if one takes 
account of the motion of the nucleons in the target 
nucleus and assigns a certain probability to each 
momentum of a nucleon in the nucleus. The total 
number of transitions into a certain final state r 
is dN(r) = ))Jgdog(r), where dog(r) is the 
cross section for the transition s— r. Conse- 
quently, the total cross section for processes 

s— ris 


Gtr) aN (rid = > Pde.(r), 


In particular, the elastic differential cross sec- 
tion at angle 0 is 


(),- 5 Ps (2),= 2 P, {{Im f;(0)}° + [Re fs (0)}?} 


= DPA (Ze. we) +1Re fOr, 


s=1 


OK 
(ae). = i Ss, tot) + [Re f; (0)]?, (2) 


where the bar denotes the average over the inco- 
herent states s=1, 2,..., n. Onthe other hand 
the total cross section for all processes is given 


by 


Gtot-— 9s, tot: (3) 


The relation (2) is the most general expression 
of the optical theorem. In particular, if all of the 
k, are equal, then by using Eq. (3) and the general 
relation (g)* <a’ we get 


(Se) = (Hom) + TEP OF. (4) 


It can be seen from this that even if Re f,(0) =0, 
(dog /dQ)y can still be larger than (kotot /41)?. 
These considerations can be useful in the analysis 
of collisions both in the high energy domain and 
also in ‘‘classical’’ nuclear physics. 


Translated by W. H. Furry 
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HIGH-ENERGY BEHAVIOR OF THE TOTAL 
CROSS SECTION FOR 1-p SCATTERING 


Yu. M. LOMSADZE, V. I. LEND’EL, and 
B. M. ERNST 


Uzhgorod State University 
Submitted to JETP editor June 29, 1960 


J. Exptl. Theoret. Phys. (U.S.S.R.) 89, 
1154-1155 (October, 1960) 


Ir is of considerable theoretical interest to in- 
vestigate the asymptotic behavior (at energy w 

— ©) of the total cross section for different proc- 
esses (see, particularly, reference 1). Dispersion 
relations are at the present time the main source 
of information about the asymptotic behavior of 
cross sections. 

I. Ya. Pomeranchuk? studied the asymptotic 
form of the dispersion relation for N-N scattering, 
under the assumption that o,(w) and o_(w) tend 
toward the constants o,(~) and o_(~) as w 
— o, He found that o,(~) = o_.(@), since the 
asymptotic form of D,() must not contain the 
term [o,(w) —o_(w)]w nw. (Completely ana- 
logous results hold for m-p scattering.) This 
really means’ that the difference o,(w) —o-( w) 
must decrease at least as 1/Inw as w— ~, 

In the present note we analyze the dispersion 
relation for the square of the 1*-p foreward scat- 
tering amplitude to show that this assertion can be 
considerably strengthened (for N-N scattering 
one obtains analogous results). 

The dispersion relation for the square of the 
ma’ -p foreward scattering amplitude can be ob- 
tained in two ways. One can either follow the 
ideas set forth in reference 4 and apply the Cauchy 
integral theorem to the function 


S [D(@) + iA(@)?/@(@ — 9) 


(S denotes the symmetric part of the function ). 
Alternatively, one can adopt the general form of 
the functions D(w) and A(w), introduced by 
Goldberger.® Using the analyticity of the ampli- 
tude in the complex plane, and integrating over 
w’, we can then verify that the relation below is 
an identity. This dispersion relation has the form 


Dy (@) Ds () — Ar (@) Az (@) — 47 Ds (Hw) Da (H) 


foe] 
2k 0, Ar (@’) Da (@’) + Az (0') Ds (0') 
zs =\ do! toy fe 


0 


In (1) we introduce D,(w) and A,(w) and ex- 
clude the unphysical region of energy 0 < w <u by 
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means of the usual expansion of A(w) ina com- 
plete orthonormal system of eigenfunctions of the 
energy-momentum operator. We thus obtain the 

final ‘‘physical’’ dispersion relation 

te 
An 


D2 (@) — Di (o) = (72) (62 (@) — 6% (@)} 


+ = (D* (w) — DL) 
okt 1, D_(0')6_(o') — Dy (0') 4, (0’) 
\ do k’ (w? — 0) 


p 


wk? 


2 pe? 
+ 8D. (Sai) Garey aA 


Consider the asymptotic form of (2). As usual? 
we split up the dispersion integral into two parts, 
one with limits from yw to a sufficiently large «, 
the other from € to ~. In the second integral we 
can then replace Di(w) and o,(w) by their 
asymptotic forms, namely 


(2) 


(3) 


where a and b are certain constants. The disper- 
sion relation (2) then assumes the following 
asymptotic form: 


(ZY te (@)— ch (@)) + AoF B+...=0. 


This leads to the stronger result 


64 (@) > 55 (cv), 


Ds. (@) > 4a + 6, 


(4) 


6_(@) — 6, (@)— const /@, and @— oo. 


Since the dispersion relation (2) is mathemat- 
ically equivalent to the usual dispersion relation, 
the same result can also be obtained from the 
usual dispersion relations, in particular, in the 
Blank-Shirkov form,® but at the cost of some more 
cumbersome calculations. 

The authors are extremely grateful to Yu. A. 
Gol’fand and V. Ya. Fainberg for a very stimulat- 
ing discussion, and to F. M. Kuni for valuable 
remarks. 


'V. C. Barashenkov, Preprint P-509, Joint Inst. 
Nuc. Res. (1960). 

*N. Ya. Pomeranchuk, JETP 34, 725 (1958), 
Soviet Phys. JETP 7, 499 (1958). 

> Amati, Fierz, and Glaser, Phys. Rev. Letters 
4, 89 (1960). 

ENeN: Bogolyubov and D. B. Shirkov, BsBegzeuue 
B TCOPAW KBaHTOBAaHHbIX None (Introduction to the 
Theory of Quantized Fields), Gostekhizdat 1957. 

°M. L. Goldberger, Phys. Rev. 99, 979 (1955). 

‘Vv. Z. Blank and D. B. Shirkov, JETP 33, 1251 
(1957), Soviet Phys. JETP 6, 962 (1958). 
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INTERPRETATION OF EXPERIMENTAL 
DATA ON THE SPECTRUM OF ELECTRON- 
PHOTON CASCADES WITH ENERGY 

> 10!2ev IN THE UPPER LAYERS OF THE 
ATMOSPHERE 


S. I. NIKOL’SKII and Yu. A. SMORODIN 
Physics Institute, Academy of Sciences, U.S.S.R. 
Submitted to JETP editor July 7, 1960 


J. Exptl. Theoret. Phys. (U.S.S.R.) 39, 
1156-1157 (October, 1960) 


Resunts of a study of the energy spectrum of 
electron-photon cascades at an altitude of 10 —12 
km were reported at the 1959 International Cosmic- 
Ray Conference in Moscow.! A considerable dif- 
ference between the energy spectrum of electron- 
photon cascades (~E~4dE) and the energy spec- 
trum of the primary cosmic radiation in the cor- 
responding energy range (~E~**"dE) was ob- 
served. 

It should be mentioned that the assumption 
made at the conference,' that the energy fraction 
transferred to the electron-photon component de- 
creases with increasing energy of interacting par- 
ticles, apparently meets with unsurmountable dif- 
ficulties in the analysis of the data on extensive 
air showers.’ 

It seems to us that the above results can be 
explained by a hypothesis concerning the change 
in the character of the elementary act of interac- 
tion of particles at 10'4—3 x 10!4 ev which has 
been proposed in connection with data analysis on 
extensive air showers.*® The applicability of such 
an explanation lies in the fact that it is not neces- 
sary to assume that the direct experimental data 
on the energy spectrum of electron-photon showers 
in the energy range 10''— 10% ev at 10-12 km 
altitude obtained by various methods!‘ are in 
error. 

Let us calculate the total energy flux carried by 
electrons and photons with energy > 10'* ev at the 
above altitude. Experimental data concerning the 
energy spectrum of electron-photon cascades ob- 
tained in emulsion! and by means of ionization 
chambers‘ are shown in the figure by circles and 
squares respectively.* All electrons and photons 
with energy > 10!? ev observed in the emulsion 
should certainly also be detected by ionization 
chambers. In addition, ionization chambers can 
detect electrons and photons of lower energies if 
they are incident upon the chamber in groups. 
Therefore, the total energy flux detected by means 


PoE Ro elOwrT Tt her DITOR 


particles/m?*hr-sr 


100 


10 


70" 107” 106 ev 


of ionization chambers should be greater than the 
energy flux carried by electrons and photons with 
energy > 10'* ev observed in the emulsion. In 
order to find the total energy flux of the electron- 
photon cascades, the experimentally observed en- 
ergy spectrum should be extrapolated towards 
higher energies. It is found that if, in doing such 
an extrapolation, we assume that the energy spec- 
trum is constant, then the energy flux measured 
by the emulsion method is, contrary to expectation, 
greater than the energy measured by means of 
ionization chambers. 

If we rely on both series of measurements, then 
the only way to make the experimental data agree 
is to assume that the majority of electrons and 
photons with energy > 10!? ev observed in the 
emulsion come in large groups. The energy spec- 
trum of such groups, when detected by ionization 
chambers, should not be a monotonic, power func- 
tion roughly similar to the energy spectrum of 
primary cosmic radiation, but should contain a 
certain flat region starting with an energy of 
10!3— 5 x 10! ev. That flat region should spread 
over a three- to five-fold energy interval, after 
which the energy spectrum of photon showers 
should become similar to the spectrum of the pri- 
mary cosmic radiation. So far, no more than a 
tendency towards such variation of the spectrum 
measured by means of ionization chambers has 
been observed in experiments. It is easy to see 
that a similar variation in the spectrum corre- 
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sponds to the assumption concerning the increase 
of the energy fraction carried away by the electron- 
photon component in the interaction of particles 
with energy > 10!4 ev. | 

One should also note that a large number of 
electron and photon groups with energy >10!* ev 
was observed in emulsions with an angular spread 
of ~ 107 radian. 

In conclusion, we can make a few comments 
about possible models of interaction processes at 
energies > 10°* ev. According to our opinion, an 
attempt to describe the above-mentioned change of 
the elementary act by means of a statistical model 
of nuclear interaction will meet with a series of 
difficulties: 1) the transverse momentum obtained 
by particles in the emission is < 10% ev/c; 2) the 
ratio between the number of t* mesons and the 
number of 7’ mesons apparently does not corre- 
spond to a statistical distribution; and 3) the soft 
component is monochromatic. As one of the 
models, one can mention the possibility of the ap- 
pearance at energies > 10'4 ev of excited nucleons, 
‘super hyperons,’’ which undergo a great number 
of consecutive decays with time < 107!* sec and 
decay energy < 10° ev. 


4 


*The authors express their gratitude to L. T. Baradzei, 
V. I. Rubtsov, M. V. Solov’ev, and B. V. Tolkachev for per- 
mitting us to use the preliminary data on the intensity in the 
range of the highest energies. 


!Duthie, Fisher, Fowler, Kaddoura, Perkins, 
and Pinkau, Proceedings of the Moscow Interna- 
tional Conference on Cosmic Rays, U.S.S.R. Acad. 
SCi.,,. Vol 15-1960. 

2%. V. Gedalin, JETP, in press. 

3S. I. Nikol’skii and A. A. Pomanskii, Proceed- 
ings of the 1959 Moscow International Conference 
on Cosmic Rays, in press. 

4 Baradzei, Rubtsov, Smorodin, Solov’ev, and 
Tolkachev, ibid. 

5M. A. Markov, I'unepoupi 1 K-mMesonpi (Hyperons 
and K Mesons), Fizmatgiz, 1958. 
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ON THE PROBLEM OF PAIRING WITH NON- 
ZERO ANGULAR MOMENTA 


V. M. GALITSKI I 
Moscow Institute for Engineering Physics 
Submitted to JETP editor July 16, 1960 


J. Exptl. Theoret. Phys. (U.S.S.R.) 39, 
1157-1159 (October, 1960) 


j IN celeste of authors (Brueckner et al.,! and also 
a private communication from L. D. Landau and 

I. Ya. Pomeranchuk ) have shown that there can 
exist bound pairs of particles near the Fermi sur- 
face with non-vanishing angular momenta. This 
possibility is realized in the case where the po- 
tential V(p — p’) contains negative spherical 
harmonics in its expansion in the angle between the 
vectors p and p’. If the binding energy of these 
pairs is less than the binding energy in the s state, 
the ground state of the system is, as before, the 
Bose-condensate of pairs with zero angular mo- 
menta. There are then excited states correspond- 
ing to the transition of a pair into a state with non- 
vanishing orbital angular momentum. There may, 
however, exist systems where the interaction is 
only attractive for states with an angular momen- 
tum I which is not zero. He® is apparently such 
a system. The ground state of the system is in 
that case built up of pairs with angular momen- 
tum 7. The present paper is devoted to the study 
of the possible properties of such systems. 

We restrict ourselves henceforth to the case 
where the interaction is non-vanishing only in the 
1 state and where the total momentum of the pair 
is equal to zero. The Hamiltonian of the system 
can in that case be written in the form 


it ' kk’ 
H= Zier — h) ax* an — 55 > V(k, R’) Pi(ges) ax* at a_y ay 


(1) 


One can solve this problem using the Bogolyubov 
transformation with complex functions u and v or 
using the Bardeen-Cooper-Schrieffer (BCS) me- 
thod with a similar improvement; as a result we 
obtain states with energies below the ground state 
energy of the non-interacting particles. The en- 
ergies of the one-particle excitations near these 
states are of the form 


En=[(ee— A)? + |) AuYn (ke) lt . (2) 


where the A, are determined by the set of equa- 
tions 


Nes sa \ ak eds Yun) Bbe¥ae (=). (3) 
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One sees easily that the set (3) does not deter- 
mine the quantities A, uniquely. Indeed, it follows 
from the axial symmetry of the E, and the ortho- 
gonality of the functions Y7, with respect to the 
angle » that (3) has a set of solutions for which 
only one of the Ay does not vanish. The energies 
of the system corresponding to these solutions de- 
pend on | » | and the lowest energy always corre- 
sponds to py =+1 (this result was obtained inde- 
pendently by Anderson’). This means that the 
most favorable state will be the one where the 
angular momenta of all pairs are in the same di- 
rection. In other words, such a system must have 
the property which can be called orbital ferromag- 
netism. 

One can, however, not assume that this result 
is sufficiently convincing, because of the limita- 
tion in the class of wave functions in the methods 
used. Indeed, the BCS-Bogolyubov theory assumes 
that all pairs are in the same state, and it is as- 
sumed in the present problem in particular that 
all pairs have the same angular momentum com- 
ponent along the z axis of some selected system 
of coordinates. It is clear that such states do not 
possess a well defined value of the total orbital 
angular momentum of the system and thus violate 
the spherical symmetry of the initial Hamiltonian 
(1). One can obtain states with a well defined value 
of the total orbital angular momentum of the sys- 
tem by taking a superposition of the functions of 
the BCS-Bogolyubov theory in the form 


Om =Cim \dn Y_m (n) exp {d;h (nk) at gt) 0>, (4) 
; k k 


where Cy, is a normalization factor. 

One verifies easily that under rotations the 
functions ®; 4 transform into one another in the 
same way as the spherical harmonics Y,y. 
Averaging the Hamiltonian (1) over the functions 
(4) and taking the variation with respect to the co- 
efficients h we get the energy of the system in the 
state L, M. We performed the calculations for a 
model in which the pairing occurred ina p state; 
the particles are on the surface with a given ab- 
solute magnitude of the momentum |k| = Ko; the 
spins of all the particles are in the same direction. 
This model is similar to Mottelson’s model for an 
isolated level of a spherical nucleus, and can be 
solved exactly in the case where the pairing is in 
an s state. In the case of small angular momenta 
(L much less than the number of particles) we 
get as a result of our calculations for the energy 
W of the system an expression of the form 


W=W,+L(L + 1)/2J (5) 
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with a negative value for the moment of inertia J 

In the case of small occupation numbers the prob- 
lem can be solved for any value of L and the low- 
est energy value corresponds to a state for which 

L is equal to the number of pairs. 

The functions (4) considered here remind us 
very much of the wave functions of a rotating nu- 
cleus in the form used in the papers by Peierls 
and Yoccoz.* It is well known that the value of the 
moment of inertia obtained in those papers is in- 
correct so that our result for the pairing with 
non-vanishing angular momenta can also not be 
considered to be a final one. 

The results obtained here do not enable us to 
reach unambiguous conclusions about the super- 
fluid properties of such systems. First of all, it 
is clear from Eq. (2) that for some directions of 
the momentum of the quasi-particles the gap tends 
to zero. From the point of view of the single- 
particle excitations the system must therefore 


possess the properties of an ‘‘asymmetric’’ super- 


fluidity. On the other hand, it is necessary for 
superfluidity that all forms of excitations satisfy 
the appropriate criterion. The resemblance be- 
tween the state of orbital ferromagnetism and an 
ordinary spin ferromagnet enables us to expect a 
dispersion law w ~ k® for the two-particle excita- 
tions connected with the reorientation of the angu- 
lar momentum of a pair. This result is confirmed 
also by a consideration of the simplest model of a 
Bose gas of particles with a spin which is differ- 
ent from zero. 

In conclusion I express my gratitude to S. T. 
Belyaev and A. B. Migdal for interesting discus- 
sions. 


1 Brueckner, Soda, Anderson, and Morel, Phys. 
Rev., in press. 

2p, W. Anderson and P. Morel, Physica, in 
press. 

3R. E. Peierls and J. Yoccoz, Proc. Phys. Soc. 
(London) A 70, 381, 388 (1957). 
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A NEW METHOD TO IDENTIFY GAMMA 
RADIATION FROM (p, p’ y), (p, vy) AND 
(p, n y) REACTIONS 


Avi. VAT? TER) 1, 1, ZAUYUBOVSKILEASP: 
KLYUCHAREV, and V. A. LUTSIK 


Physico-Technical Institute, Academy of 
Sciences, Ukrainian S.S.R. 


Submitted to JETP editor July 18, 1960 


J. Exptl. Theoret. Phys. (U.S.S.R.) 39, 
1159-1161 (October, 1960) 


‘Tae study of nuclear level structure by means of 
the y radiation from a target bombarded with low- 
energy protons is difficult because y radiation 
from several reactions, (p, p’ y), (p, y), and 
(p, ny), may occur simultaneously. Before the 
y radiation can be investigated it is necessary to 
determine the possible reaction with which it is 
connected. There is a threshold for the (p, ny) 
reaction, and y radiation from it can occur only 
above a certain proton energy. However, if some 
level of the nucleus is exited weakly in this reac- 
tion, then y radiation is discovered only consid- 
erably above the threshold, because of the high 
level of y background from other reactions in the 
target and from the accelerator. Besides, for 
weakly exited levels in (p, ny) reactions, the 
dependence of the y-ray yield on the proton 
energy is almost the same as in the (p, y) and 
(p, p’ Y) reactions, and it is often very difficult to 
determine reliably which reaction produced the 
observed y radiation. In investigations on the 
origin of y radiation from the (p, p’y), (p, Y), 
and (p, ny) reactions it is therefore very useful 
to exploit the competition between these reactions. 
It is well known that emission of a nucleon from 
a strongly exited nucleus, if energetically feasible, 
is a more probable process than the decay of this 
state by emission of one or several y quanta. The 
existence of a potential barrier for protons appre- 
ciably decreases the probability of their emission 
from the nucleus as compared to emission of neu- 
trons, for which there is no potential barrier. If 
neutron emission from the nuclear state, which 
appears after the capture of a proton, is energeti- 
cally possible, then this process will be preferred. 
Since the probability of neutron emission near the 
(p, n) threshold increases very quickly with in- 
creasing energy of the emitted neutrons, a sharp 
decrease is observed in the yield of the (p, p’ y) 
and (p, y) reactions for some interval of proton 
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energy above the threshold of the (p, n) reaction. 

By examining the dependence on proton energy 
of the yield of y quanta for every observed vy line 
separately in the region of the (p, n) threshold, 
one can distinguish the y radiation produced by 
(p, p’ y) and (p, y) reactions on the investigated 
isotope from the y radiation produced by impuri- 
ties, since it is unlikely that the (p, n) -reaction 
thresholds of the isotope and of the impurities lie 
very close. With further increase in the proton 
energy above the threshold of the (p, n) reaction, 
higher nuclear levels will be successively excited 
by (p, ny) reactions, and a decrease of y inten- 
sity from the (p, p’y) and (p, y) reactions in the 
isotope under investigation will be observed after 
every excitation threshold. The thresholds of the 
(p, n) reaction (except the very high ones) are 
well known for almost all stable isotopes; for the 
isotopes of one and the same element they usually 
differ considerably from each other. By increas- 
ing the proton energy we can therefore successive- 
ly investigate several isotopes contained in the 
target and distinguish the y radiation from each 
isotope. 

It is well known that capture of protons into a 
level of the compound nucleus (and, consequently, 
the yield of the reactions) has a resonant behavior. 
One should exclude variations in the yield of y 
radiation which arise from different probabilities 
of proton capture into different levels of the com- 
pound nucleus. Therefore the target must be thick 
enough that protons can be simultaneously captured 
into a number of levels, in which case individual 
characteristics of the separate resonance levels 
cannot show up. For nuclei of average atomic 
weight, targets about one micron thick can be used. 

To study the structure of nuclear energy levels 
in (p, ny) reactions, the analysis of the y radia- 
tion is carried out in inverse order. By measuring 
the dependence of the y yield from the (p, p’ y) 
or (p, y) reactions for the isotope under investi- 
gation over a wide range of proton energies above 
the threshold of the (p, n) reaction one determines 
the excitation thresholds of the nuclear levels in the 
latter reaction. Then one measures the threshold 
for the appearance of the y rays from the (p, ny) 
reaction. The two threshold values obtained in this 
way must coincide if the y radiation under study 
is really due to the (p, ny) reaction, and corre- 
sponds to the transition from the level under inves- 
tigation to the ground state. It is not necessary in 
this method to determine the excitation threshold 
with high accuracy, since the energy of the level is 
determined not from the excitation threshold, but 
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more accurately by measurement of the y -ray 
energy. 

The accuracy of the measurement of the level 
energy does not depend in the present method on 
the thickness of the target and the non-monoener- 
geticity of the proton beam, whereas these factors 
are essential for all other methods used to study 
the nuclear energy level structure in (p, ny) re- 
actions. The most accurate values of level ener- 
gies can be obtained by measuring the y -ray 
energy with a magnetic 8 spectrometer, but be- 
cause of insufficient y-ray intensity such meas- 
urements have seldom been performed. 

As an example of the successful application of 
the described method, we give some results of an 
investigation of y radiation in the reactions Cor 
(p, ny) Ni®® and Cu®(p, ny) Zn®’. In Fig. 1 we 
show the exitation function for several y lines 
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Excitation function 
for y radiation 
of 770 kev (curve 1) 
and 1015 kev (curve 2) 
for Cu® target and 465 
kev (curve 3) and 1330 
kev (curve 4) for Co*® 
target. 
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which were observed during proton bombardment 
of a Co” target 1 » thickand of copper enriched to 
98% by the isotope Cu®®, 5 u thick. The 770-kev 
(curve 1) and 1015-kev (curve 2) y radiation 
reaches the maximum yield at a proton energy Ep 
= 2.2 Mev (which corresponds to the (p, n) 
threshold for Cu®*). It then shows a sharp drop of 
intensity upon further increase of the proton 
energy. This indicates that the 770- and 1015-kev 
y radiation is the result of the (p, py) or (py) 
reaction in the Cu®? target, but not in the impuri- 
ties. y radiation of 465 and 1330 kev (curves 3 
and 4) occurs as a result of the Co (p, y) Ni® 
reaction. The y yield at 465 kev experiences a 
sharp decrease at Ep = 2.24 Mev, which corre- 
sponds to the excitation threshold of the 342-kev 
level of Ni” in the reaction Co? (p, ny) Ni*?, 
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For y radiation of 1330 kev (curve 4), an anal- 
ogous behavior is observed at Ep = 3.125 Mev, 
which corresponds to the exitation threshold of 
the 1206-kev level in the reaction Co’ (p, ny) 
Ni. A sharp increase of the yield of 465-kev 
y’s at Ep > 2.4 Mev and of 770 kev y’s at Ep 

> 2.8 Mev indicates that the (p, ny) reactions in 
Cu®? and Co*® cause excitation of the 465 and 770 
kev levels, respectively. It is impossible to use a 
scintillation y spectrometer to separate this y 
radiation from the y radiation exited in these 
same targets as a result of the (p, p’y) and 

(p, Y) reaction, since the y-ray energies pro- 
bably differ by at most a few kev. 


1 Elwyn, Landon, Oleska, and Glascoe, Phys. 
Rev. 112, 1200 (1958). 

2 Val’ter, Zalyubovskil, Klyucharev, and Lutsik, 
Anepuble peakun pM MaabIx nm CpegqHUX 9HeEprUsx 
(Nuclear Reactions at Low and Intermediate Ener- 
gies), U.S.5.R. Acad. Sci., 1958, p. 279. 
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Tae compressibility of a pure substance in- 
creases without limit near the critical point. Even 
the small change in pressure due to the pressure 
of the upper layers of a liquid on the lower may, 
therefore, prove important. 

The change of pressure in a liquid with height 
is determined by the relation 


dp = (ug /V) dh, (1) 


where V is the specific volume of the liquid at 
height h and yw is the molecular weight. If we 
consider the deviation of p and V from the criti- 
cal values pc and Vc to be small throughout the 
system, which will be true under all real experi- 
mental conditions, and using the relation (cf. ref- 
erence 1) 
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Op B wr 
—(57),= AP —Te) +S V—Vee +. .., 
where B = (9°p/av? i | 

p )Tg» we obtain from Eq. (1) 
for a thermostated system (T = Tc) 


—dh/dV = (B/2ug)V (V —V-)?. (2) 


According to Eq. (2) the dependence of the spe- 
cific volume of the liquid on height is of the follow- 
ing form: 


V=Ve—a(h—hyr, «= (6ug/BVe)%, (3) 


where hg is the constant of integration dete rmin- 
ing the level at which the critical conditions are 
realized. 

Experimentally one measures the mean specific 
volume over the whole vessel and the pressure at 
some fixed level. We shall assume that the pres- 
sure py is measured, for example, at the bottom 
of the vessel (h=0). Expressing py as a series 
near Pe =p(Vc), we obtain 


Po = PVe + oh) = po + Both, /6+...= pe + pghy | Ve- 
(4) 
The mean specific volume is 
H 


feat 30 ; 
Vmean -e | V (1) dh=Ve_ in [(f7 hy)/s fae (5) 
0 


A numerical calculation shows that for all sub- 
stances, if 0 < hy < H (the critical state occurs 
within the vessel), and H ~ 10 cm, (py — Pe)/Pe 
~ 1074-107, i.e. po = Pe with considerable ac- 
curacy. Since B is apparently very small??? we 
can expect that for pp © Pe, Vmean Will differ 
considerably from Ve and Vmean — Ve will be a 
maximum for the values hp) = 0 and hy = H. 

This means that the curve showing the co-exis- 
tence of liquid and vapor in p, V (or, analogously, 
T, V) coordinates will have a practically straight- 
line portion of width 

A = > (6ugH | BV.)'. (6) 

The shape of curve determined by the conditions 
discussed above is shown in Fig. 1 (the dashed 
curve is the usual form). This form of curve (in 
the variables T and V) has actually been found 
for xenon,*® ethane, and ethylene.° We can com- 
pare Eq. (6) with experiment for not too small ves- 
sel heights. The experimental error is then not 
more than 10%. 

According to references 4 and 5 the ratio of 
heights in two experiments on xenon was H, /H, 
= 19 cm/13 cm and the corresponding lengths of 
the straight line portions (A, /A,)?=1.57. For 
ethylene H,/H, = 15 cm/6 cm = 2.50 and (A;,/A)° 
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Ve V 
= 2.56. These results can be seen to be in good 
agreement with Eq. (6). 

We can also deduce the value of B from the 
experimental results and Eq. (6). For H=19 cm, 
A = 0.20 g cm,‘ which gives B » — 4 
x 107° atm/em?® for xenon. This result does not 
disagree with data from other work??3, 

An experimental study of this effect can be im- 
portant in studying the actual form of the singular- 
ity in thermodynamic potential at the critical 
point.* If B=0 the relation A(H) will be differ- 
ent. 

It would therefore be interesting to study the 
form of the dependence of A on H in specially de- 
signed experiments of sufficient accuracy and to 


THE ANISOTROPY OF THE ENERGY GAP 
IN TIN IN THE BASAL PLANE OF THE 
CRYSTAL 


PeAWBEZUGLY land A, A. GALKIN 
Submitted to JETP editor, July 30, 1960 


J. Exptl. Theoret. Phys. (U.S.S.R.) 39, 
1163-1164 (October, 1960) 


‘Tae study of the temperature dependence of the 
absorption coefficient of 70 Mc/sec longitudinal 
ultrasonic waves propagating in a super-conducting 
single crystal of tin along the [001] and [100] 
directions!»? has shown that the temperature vari- 
ations of ag/ay are different in these directions 
(Qg and ay are the electronic parts of the ab- 
sorption coefficient of the ultrasonic wave in the 
superconducting and normal states). From this 
data it was concluded that the energy gap in tin is 
anisotropic, and the width of the gap for the [001] 
and [100] directions was evaluated at the abso- 
lute zero of temperature. 

In the present note data are presented concern- 
ing the anisotropy of the energy gap in the plane 
containing the twofold axes (i.e., the basal plane ) 
in a Single crystal of tin. This data was obtained 
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calculate (0°p/OV*)T, at the critical point, which 
is of considerable theoretical interest. 

The authors thank M. Ya. Azbel’ for a discus- 
sion of the questions raised here. 


*We should point out that the existence of the straight-line 


portion is connected with the condition (S?P/SV?)7 = 0, which 
holds not only at the critical point but at all limiting states 
of the supercooled vapor and superheated liquid. In these 
cases, however, (5’p/SV’); # 0 and as a result A ~ H”, 


1T. D. Landau and E. M. Lifshitz, Gostekhizdat, 
Cratructuyeckaa busuka (Statistical Physics), 1951. 

21. R. Krichevskii and N. E. Khazanova, J. Phys. 
Chem. (U.S.S.R.) 29, 1087 (1955). 

3H. W. Habgood and W. G. Schneider, Canad. 
J. Chem. 32, 98, 164 (1954). 

4nt, A. Weinberger and W. G. Schneider, Canad. 
J. Chem. 30, 422 (1952). 

5S. G. Whiteway and S. G. Mason, Canad. J. 
Chem. $1, 569 (1953). 
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from measurements of the temperature dependence 
of ag/dp from Te to 1°K at an ultrasonic fre- 
quency of 70 Mc/sec on tin specimens of the 

same purity as the tin used in the previous inves- 
tigations.!* The procedure followed during the 
investigation was as before.” The experimental 
data was treated to determine the width of the en- 
ergy gap at the absolute zero of temperature ina 
way which has been already described.?”? 

The width of the energy gap 2¢€) in tin, ex- 
pressed in units of kT, at T = 0°K for various 
angles » between the wave vector of the ultrasonic 
wave and the [100] direction, has the following 
values: 


va) 6 12 48 2 


4 30) 4 
Ze Oh) ell 4,3* 4,1 


5 
“0 93,8" 

(the error in the values of 2€) is everywhere 
+0-2kT¢). 

We see that in the basal plane the maximum 
difference in the width of the gap amounts to 25%, 
the width of the gap being smallest for the direc- 
tions [100] and [110]. It is curious that the min- 
imum values of the gap width in the basal plane of 
tin are found for just those directions for which 
the existence of open electronic trajectories® has 
been established by galvanomagnetic studies,’ and 
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by measurements of the absorption coefficient of 
ultrasonic waves in a magnetic field.°® 

Of interest in this connection is the study of the 
anisotropy of the energy gap in indium, which, ac- 
cording to the galvanomagnetic measurements of 
Borovik and Volotskaya,' is a metal with a closed 
Fermi surface.® 

It should be mentioned, in conclusion, that the 
gap widths in the basal plane of single crystal tin 
obtained by other investigators®:® (indicated in the 
table above by asterisks), agree well with the 
values given in the present note. 


' Bezuglyi, Galkin, and Korolyuk, JETP 36, 1951 
(1959), Soviet Phys. JETP 9, 1388 (1959). 

2 Bezuglyi, Galkin, and Korolyuk, JETP 89, 7 
(1960), Soviet Phys. JETP 12, 4 (1961). 

3 Morse, Olsen, and Gavenda, Phys. Rev. Letters 
3, 15 1959). 

4N. E. Alekseevskil and Yu. P. Gaidukov, JETP 
36, 447 (1959), Soviet Phys. JETP 9, 311 (1959). 

5 Galkin, Kaner, and Korolyuk, Doklady Akad. 
Nauk SSSR 134, 74 (1960), Soviet Phys.-Doklady, 
in press. 

® Lifshits, Azbel’, and Kaganov, JETP 31, 63 
(1956), Soviet Phys. JETP 4, 41 (1957). 

'E. S. Borovik and V. G. Volotskaya, JETP 38, 
261 (1960), Soviet Phys. JETP 11, 189 (1960). 

8 Morse, Olsen, and Gavenda, Phys. Rev. Letters 
3, 193 (1959). 
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POLYMORPHIC TRANSFORMATIONS OF 
LITHIUM, SODIUM, AND POTASSIUM IN 
FILMS CONDENSED ONA COLD SUBSTRATE 
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Khar’kov Physico-Technical Institute, Academy 
of Sciences, U.S.S.R. 


Submitted to JETP editor August 10, 1960 


J. Exptl. Theoret. Phys. (U.S.S.R.) 39, 
1165-1166 (October, 1960) 


As is known, low-temperature polymorphism is 
found in the alkali metal group. Thus, according 
to the data existing in the literature, lithium and 

sodium exist in three modifications. Here, for 
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lithium the temperature of one of the transitions 
is 143 —167°K,'” and of the other, 70 —74° K.34 
The corresponding transformations occur in 
sodium at temperatures of 73 — 88°K,? and at 
AOC s 

One of the effective methods of study of these 
transformations has been the method of low- 
temperature deformation of the metal in a strongly 
supercooled state. Plastic deformation of lithium 
and sodium at liquid-helium temperature leads to 
practically complete transformation to the stable 
modification; in the deformation diagram this trans- 
formation is manifested as a sharp break in the 
stress-strain curve. Certain irregularities in 
this curve have led the authors of the cited papers?’ 
to a discussion of the possibility of similar trans- 
formations in the other alkali metals. However, 
according to the data of Barrett,‘ potassium exists 
in only one modification throughout the entire tem- 
perature range. 

Another method sensitive to structural trans- 
formations is also used to detect low-temperature 
polymorphism in metals. This is the study of the 
peculiarities of the temperature-dependence of the 
electrical resistance R of metallic films obtained 
by condensation on a surface chilled to very low 
temperatures. The existence has been shown by 
this method, for example, of two modifications of 
bismuth®*® and of iron,* and three modifications of 
beryllium (according to our latest data) and of 
gallium.® The same method has been applied in 
the present study to the low-temperature polymor- 
phism of the alkali metals, lithium, sodium, and 
potassium. The films were deposited by conden- 
sation at 4.2°K on a glass substrate, and their 
electrical resistance was measured as a function 
of temperature on warming to 200 — 300°K. 

Breaks in the R(T) curve are observed, appa- 
rently giving evidence of the existence of three 
modifications in each of these alkali metals. One 
of the curves of this temperature-dependence is 
given in the figure for potassium. In fact, there is 
a sharp break in the curve for the temperature- 
dependence of the electrical resistance of lithium 
films at 160 —170°K. The data on the transition in 
lithium (143 —167°K) obtained by plastic deforma- 
tion’ are very close to these values. For sodium, 
the break in the curve occurs at ~80°K, corre- 
sponding to the transformation temperature in the 
mechanical experiments.” For potassium, the 
polymorphic transformation is manifested as a 
sharp break in the electrical resistance in the 
heating curve of the films at ~ 55 —78°K.7 

We observe further breaks in the heating curves 
R(T) at lower temperatures, at 80°K and 40°K 
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Curve of the tem- 
perature-dependence 


of the electrical re- 
sistance of a potas- 
sium film (the dotted 
lines indicate the 
polymorphic transfor- 
mations). 


0 50 100 °K 


for lithium and sodium, respectively. These val- 
ues are close to the observed transformation tem- 
peratures of these metals: lithium at 74° K,? and 
sodium at 40° K.4 The low-temperature transition 
for potassium may be seen on the R(T) curve for 
the films at ~ 20°K. 

However, we may note that the low-temperature 
breaks in the curves may reflect to a considerable 
degree the readjustment of the crystal structures, 
which are initially formed under highly non-equi- 
librium conditions, since plastic deformation of 
metals at very low temperatures sharply lowers 
the temperature for structural readjustment.®”? 

Thus the existence of polymorphic transitions 
in lithium and sodium has been confirmed, and a 
low-temperature transition in potassium has been 
discovered. As was proposed previously,” the 
polymorphic-transition temperatures of the 
studied metals have turned out to decrease with 
decreasing Debye temperature. 


*There are other data also on the polymorphism of iron in 
the literature.’ 


tAn anomaly in the plastic properties of potassium is ob- 
served in the range 64—20°K.* 


' Gindin, Lazarev, Starodubov, and Khotkevich, 
JETP 35, 802 (1958), Soviet Phys. JETP 8, 556 
(1959). 

2 Gindin, Lazarev, Starodubov, and Khotkevich, 
Collected Volume of Articles for the Jubilee of 
N. N. Davidenkov, "Hexotopbie npo6embl npowHocTu 
TBepgoro tena" (Certain Problems of the Strength 
of Solids), U.S.S.R. Academy of Sciences, 1959. 

3Gindin, Lazarev, and Starodubov, ®usuka 
MeTaANOB A MeTaanOBegeHKHe ( Physics of Metals and 
Metallography ) (1960), in press. 

*C.S. Barrett, Acta Cryst. 9, 671 (1956). 

°H. V. Zavaritski¥, Dokl. Akad. Nauk SSSR 86, 
687 (1952). 

°W. Buckel and R. Hilsch, Z. Physik 138, 109 
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EXPERIMENTS WITH NEUTRINOS EMITTED 
BY MESONS 


B. PONTECORVO 
Joint Institute for Nuclear Research 
Submitted to JETP editor August 13, 1960 


J. Exptl. Theoret. Phys. (U.S.S.R.) 39, 
1166-1167 (October, 1960) 


‘Tae possible use of high-energy neutrino beams 
emitted by mesons has widely been considered 
recently for obtaining information about the weak 
interactions.!~> Lee and Yang® and Cabbibo and 
Gatto* have shown that the formfactors induced by 
the presence of strongly interacting particles pre- 
vent further increase of the cross section with 
energy for reactions of the type » +p — e* +n 
when the neutrino energy reaches the 1-Bev region. 
The problem of the existence of an intermediate 
meson (B) in the weak interactions has a special 
place in discussions of high-energy (2 1 Bev) 
neutrino experiments. Such experiments may turn 
out to be feasible at the present time. In fact, 
R. M. Ryndin and the author® and also Lee and 
Yang® have shown that an intermediate boson with 
mass equal to a few nucleon masses can be de- 
tected in the reaction 


v+Z>B+Z41", 


The cross section of this reaction exceeds by sev- 
eral orders the typical cross section of reactions 
induced by neutrinos in the case of strictly local- 
ized interaction. 

To check the identity of the neutrinos emitted 
in t-p, decay (Vy) and those emitted in B decay 
(ve) it was proposed in reference 1 to use Vu 
radiation with relatively low energy from stopped 
K* mesons. Below we consider, in addition, neu- 
trinos of intermediate energies (< 300 Mev) for 
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the solution of some questions of neutrino physics. 
These considerations may be useful in planning 
neutrino experiments, and in designing accelerators 
to perform such experiments. 

Apart from the problem of the B meson and of 
the energy-dependence of cross sections for weak 
processes, for the solution of which very high- 
energy neutrinos are evidently necessary, the 
fundamental qualitative questions of neutrino phys- 
ics are the following: (1) are the Ve and v 
identical particles? (2) does neutrino scattering 
by electrons occur as a first-order process in the 
weak interaction constant? 

For experimental solution of these problems, 
neutrinos with intermediate energies present defi- 
nite advantages. Not only can their intensity (for 
a number of reasons) appreciably exceed the in- 
tensity of high-energy neutrinos, but they can also 
be easily obtained with very well-defined energy, 
so that one can interpret the induced events kine- 
matically. 

Sources of monoenergetic neutrinos may be 
obtained by stopping 7*, K*, and pp” in matter:* 


Neutrino source Neutrino energy (Mev) 


Se? Wee Ny 29,8 

=> 235.7 
fe Wiaa ee sii 
p-+Z—> Var <=: 


One should note that monoenergetic Vus rather 
than v,, are obtained when protons with energy 
2 1 Bev are stopped in a block of heavy matter. 
Stopping of secondary particles in the same block 
provides, according to the table above, neutrinos 
with known energy in a rather well localized re- 
gion. These monoenergetic neutrinos are, of 
course, accompanied by a continuous-background 
spectrum, particularly of ve and yy, from p* 
meson decay.! 

For example, to test the identity of vg, and Vy 
one can measure the cross section of the reaction 
vu + ci2 — e + N!*_ The energy of the electrons 
emitted by the incident monoenergetic vy’s is 
known; the time of emission of the electrons must 
coincide with the time of absorption of the neu- 
trino (modern electronic circuitry permits use of 
the time characteristics of the accelerator, in- 
cluding the cyclotron with a spatial variation of 
the magnetic field); it is necessary here to record 
the delayed positrons from N’ decay. Such an 
experiment can be performed with a large propane 
‘“‘magnetic’’ bubble chamber, or with electronic 
particle-counting methods. The counting rate in 
experiments of this type is comparable to that ex- 
pected for the experiments proposed in reference 
zs 
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*The possibility of using a K-capture radioelement as a 
strong source of monoenergetic v,(E ~ 1 Mev) is beyond the 
scope of this note. This possibility is attractive for experi- 
ments on v,—e scattering, under conditions in which the scat- 
tering events can be kinematically analyzed. Here we wish to 
mention also the possibility that astrophysical effects which 
are connected with »v.—e scattering may help to solve the 
problem of the existence of these processes. 
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6B. Pontecorvo and R. Ryndin, Ninth Interna- 
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INTENSITY OF NONRADIATIVE TRANSITIONS 
IN MU-MESIC ATOMS 


M. Ya. BALATS, L. N. KONDRAT’EV, L. G. 
LANDSBERG, P. I. LEBEDEV, B. V. OBUKHOV, 
and B. PONTECORVO 


Joint Institute for Nuclear Research; Institute 
of Theoretical and Experimental Physics, 
Academy of Sciences, U.S.S.R. 


Submitted to JETP editor August 13, 1960 


J. Exptl. Theoret. Phys. (U.S.S.R.) 39, 
1168-1170 (October, 1960) 


We have observed earlier! that the intensity of 
the 2P —1S mesic x radiation in 238 normalized 
for one stopped muon, is considerably smaller in 
u?38 than in lead. This indicates the existence in 
heavy mesic atoms of ‘nonradiative transitions,’’ 
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at which the energy of the 2P — 1S transition is not measured in special experiments, in which samples 


released in the form of one x-ray photon. As- 
suming that the probability of the nonradiative 
transition (Wn) in mesic lead is negligibly small 
compared with the probability (Why) of emitting a 
single photon [(Whp )pph = 1], we found that 
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In the present note we report our systematic 
investigations of the intensities of the 2P—1S 
transitions in mesic atoms of lead, bismuth, 
sodium, U8> and U8. The principal scheme of 
the experiment is analogous to that already used: 
a scintillation spectrometer, triggered by the 
negative muons stopped in the investigated sample, 
is used to measure the spectrum of the x rays in 
the energy range corresponding to the given 
transition. 

Compared with the preceding investigation, 
particular attention was paid to a determination of 
the background level, i.e., the count of the Nal 
gamma detector of amplitude close to that due to 
the 2P — 1S transitions, but not actually caused by 
these transitions. The intensity of this background 
was greatly reduced by means of a Cerenkov gas- 
filled threshold counter, which eliminated almost 
all the electrons in the meson beam. The number 
of pions in the beam was also reduced by a factor 
of several times relative to the number of muons. 
In addition, the background due to other transi- 
tions (essentially 3D —2P) of the investigated 
mesic atom in the region of the pulse amplitudes 
corresponding to the transitions 2P — 1S, was 


800 
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of molybdenum and cadmium were used. These 
were used essentially to measure the shape of the 
line of the 3D —2P transitions of the investigated 
mesic atoms. 

Examples of the plotted spectra are shown in 
Figs. 1 and 2. The table lists the intensities of the 
2P —1S mesic x radiation normalized to a single 
stopped negative muon, in relative units. Account 
is taken here of different corrections for the fact 
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FIG. 1. Spectra of mesic x-ray photons from a lead target 
(4.46 g/cm’), bismuth (4.46 g/cm’), and U?** (4.60 g/cm?) tar- 
gets. The abscissas represent the amplitude of the pulse in 
volts. The ordinates represent the number of pulses within a 
5-volt interval. The curves are normalized to an equal number 
of muons stopped in the target. The spectra of lead and bis- 
muth are indistinguishable. 


FIG. 2. The same as Figure 1, for a lead 
(5.56 g/cm’) and U?** (5.59 g/cm?) targets. 
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Intensity of mesic | Fraction of 


| 
| x-ray 2P-1S nonradiative 
zadiation transitions — 
| 
By | 4 == 
Bi 1.0.06 0+0,06 
Th 0,85+0.07 0.15+0.07 
Usgs | 0.71+0.05 0.29+0.05 
Ungs i 0 77 0,04 0.23+0,04 


that the different targets were equivalent as re- 
gards the muon ionization losses, and consequently 
differed somewhat from the point of view of photon 
absorption (different photon energies and different 
Zi ye 

The table shows that the intensities of the in- 
vestigated transitions are the same in lead and in 
bismuth. This is apparently caused by the fact 
that both in lead and in bismuth the density of the 
nuclear levels is anomalously small at excitation 
near 6 Mev, and therefore the fraction of non- 
radiative transitions in these mesic atoms is al- 
most equal to zero. In the other nuclei we can 
note the effect of nonradiative transitions. 

As a result of the excitation of nuclei by 2P—1S 
transitions, we expect a priori: 1) fission, 2) dis- 
integration with emission of a single neutron, and 
3) return of the nucleus to the ground state with 
emission of gamma quanta (a phenomenon anal- 
ogous to Raman scattering in optics). Apparently, 
nonradiative fission has low probability, owing to 
the Coulomb field of the negative muon. Emission 
of a neutron is impossible for thorium from 
energy considerations. The neutron photoproduc- 
tion threshold in U?®> is much lower than in U?%8 
(the thresholds for the emission of photoneutrons 
are 6.34 + 0.04, 5.97 + 0.10, and ~ 5.1 Mev for 
thorium, 238 and U??° respectively, while the 
2P —1S transition energies are close to 6 Mev in 
all the investigated mesic atoms). 

The fact that the intensities of the nonradiative 
2P —1S transitions in U2** and U??° differ by 
relatively little suggests that an important role is 
played in ‘‘nonradiative transitions’’ by mechanism 
3 (the ‘‘combination’’ mechanism ). 


1Balats, Kondrat’ev, Landsberg, Lebedev, 
Obukhov, and Pontecorvo, JETP 37, 1715 (1960), 
Soviet Phys. JETP 11, 1239 (1960). 
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ON THE PROBABILITY OF MESON CAP- 
TURE IN DIFFERENT MESO-ATOMIC 
LEVELS 


S. S. GERSHTEIN 
Joint Institute of Nuclear Research 
Submitted to JETP editor August 16, 1960 


J. Exptl. Theoret. Phys. (U.S.S.R.) 39, 
1170-1172 (October, 1960) 


‘Tae determination of the probability of capture 
of negative mesons in different levels of mesic 
atoms and the investigation of the subsequent 
transitions to the ground state are very important 
for the interpretation of the data on the interaction 
of negative mesons with nuclei. In particular, the 
initial distribution over the meso-atomic levels 
determines the average number of Auger electrons 
observed in the capture of negative mesons in 
photoplates.! Of special interest is the distribu- 
tion over the levels of the mesic atoms of hydro- 
gen, Since it can, apparently, have a considerable 
effect on the capture of 7 and K mesons from 
high orbits? and can also determine the time 
elapsing between the slowing-down of the + mesons 
and the nuclear reaction® and the characteristics 
of the capture of 7 and K mesons by nuclei with 
VAS pg 

The probability for the capture of negative 
mesons in atomic hydrogen was computed recently 
by Baker.’ However, the results of Baker, which 
were obtained in Born approximation, are com- 
pletely useless for the most interesting case: the 
capture of mesons slowed down to velocities con- 
siderably smaller than the velocity of the atomic 
electron. 

Nevertheless, the probability of capture of 
slow negative mesons by atomic hydrogen can be 
easily computed by considering that for distances 
less than Ry ~ 0.64 ag (ae = N’/mge”) between the 
meson and the proton there exists no bound state 
for the electron,®’’ so that the electron makes an 
adiabatic transition to the continuous spectrum as 
the meson comes as close to the proton as the 
distance Ry. This leads to great ionization losses 
of the mesons up to energies equal to the ioniza- 
tion potential of hydrogen, I, and for energies «€ 
< I to capture in a close-lying meso-atomic level. 
Since the energy losses for adiabatic ionization 
are multiples of I and the spectrum of the inci- 
dent mesons is practically constant over energy 
intervals of the order I, we may assume that the 
energy distribution of the slowed-down mesons is 
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constant in the interval 0 < € <I. The probability 
for the capture of the mesons in levels with 
N >= (u/me)*/? is then 


f(n)~ n®. (1) 


If we regard the motion of the meson as classi- 
cal, we see easily that the distribution over 1 will 
be proportional to Idl. The maximal value of I 
is determined from the condition that a meson with 
energy € reaches the distance Rp in the presence 
of the centrifugal barrier h?7?/2uR?: 


W12/2pR? — e/R,<e—I, (2) 
so that 


Lax = 1, (1,28 110132 (n,/n)*]} 4 n,. (3) 


In the capture in levels with large n the angular 
momenta are therefore not bounded by the condi- 
tion 7 <n-—1, but by condition (3). The cross 
section for capture in levels with n< np is smaller 
than the cross section corresponding to (3) approx- 
imately by the factor (meg /u )? (reference 5). 

The large capture cross sections connected 
with the adiabatic ionization can, of course, be ob- 
served not only for hydrogen, but also for any ele- 
ment Z, if the element (Z —1) does not form 
negative ions. In particular, these considerations 
can, for example, explain why the capture proba- 
bility for Li in the compound LiF is considerably 
smaller than for F.’ Indeed, F in the compound 
LiF represents a negative ion, and the extra elec- 
tron cannot be retained by the screened nucleus as 
the negative meson approaches. Thus adiabatic 
ionization must occur. It is clear that the pres- 
ence of the neighboring Li atoms, or of the other 
hydrogen atom in the H, molecule, may cause the 
electron forced out of one atom to go over to 
another atom during the time of collision, from 
where it then returns to the first atom after the 
meson has receded to a sufficiently large distance. 
In this case the meson does not lose its energy, 
and the above considerations are therefore not 
entirely convincing. If the atom (Z-—1) forms a 
negative ion, it is known that adiabatic ionization 
will not occur during the capture of mesons by the 
atom Z. In this case a slow meson (v < vg, where 
Vy is the velocity of the atomic electrons) can 
cause ionization only if it is accelerated by the 
nuclear Coulomb field to such a degree that the 
perturbation which it applies to the electrons con- 
tains frequencies of the order of the frequency of 
the transition to the continuous spectrum. A sim- 
ple estimate on the basis of the Massey criterion 
Shows that meson capture occurs most effectively 
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for 1 ~ (u/me)'/8 and becomes rapidly less prob- 
able for large 1. The effective values of J for py 
mesons are 1=6to 7. The calculations of Borde! 
show that the assumption that the 4 mesons are 
captured with 1 = 7 (as opposed to the usually 
accepted (21 + 1) distribution) leads to good 
agreement with the experimentally observed num- 
ber of Auger electrons. 

In conclusion I express my deep gratitude to 
Academican L. D. Landau and Ya. A. Smorodinskii 
for valuable comments, and also to T. E. Belov- 
itskit for a discussion of the experimental data. 
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Tae aim of this work is to determine the relation 
between the change of electrical resistivity in a 
magnetic field and the magnetic susceptibility of 
ferromagnets above the Curie point. This question 
arises because the corresponding relation has been 
determined for the Hall effect in ferromagnets 
above the Curie point.'’? It was shown that in the 
paramagnetic state, as in the ferromagnetic state, 
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the Hall emf contains a term proportional to the 
magnetization o = KH (Kk is the magnetic suscep- 
tibility of the specimen and H is the strength of 
the external magnetic field). 

A chromium-tellurium alloy was chosen, having 
a sufficiently low Curie temperature ® © 50°C and 
a paramagnetic susceptibility varying with temper- 
ature according to the Curie-Weiss law k 
=c/(T — ®p) with @p = 86°C. 

The temperature dependence of Ar/r is shown 
in Fig. 1 for this alloy (r is the resistivity in the 
absence of a field and Ar is the change in resist- 
ivity produced by the field). The change in resist- 
ivity was found to be negative over the whole tem- 
perature range studied, although one might have 
expected that it would have become positive far 
from the Curie point, as in normal non-ferromag- 
netic metals. 
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FIG. 1 
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Figure 2 shows the relation between the values 
of Ar/r measured for the Cr-Te alloy and the 
square of the magnetic susceptibility xk? at the 
corresponding temperature. Over the temperature 
range studied, this dependence is linear. 

In addition, Ar/r varies as the square of the 
field at a given temperature. This indicates that 
the magnetic change in resistivity in the paramag- 
netic state is connected with the magnetization by 
the relation 


At n= a (xi) a6". (1) 


817 


ee eee 
o 05 7 Aa) 2 ae) 


22.109 (em Y2)* 


FIG. 2 


Preliminary measurements made on the same 
specimen below the Curie point showed that the 
magnetic change in resistivity in a transverse 
field follows the well known relation? 


— Ar/r = 6(c*— 68), (2) 


where o is the resultant magnetization, og is the 
spontaneous magnetization, and b is a constant 
almost independent of temperature. 

If we put og = 0 above the Curie point, the 
results show that the relation between the magnetic 
change of resistivity and the magnetization remains 
the same in the ferromagnetic and paramagnetic 
states of the specimen. It is remarkable that the 
coefficients a and b in Eqs. (1) and (2) agree 
to within 20%. 
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